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 ABSTRACT 
The Development of Cyclobutenone, and Other Work 
 
Audrey Graham Ross 
 
 
This dissertation describes projects falling into two general programs. The first three 
chapters detail work centered around the peculiar small molecule cyclobutenone.  A practical 
preparation of this previously inaccessible compound is reported.  This allowed exploration of 
applied and academic questions.  Cyclobutenone was seen to break from classical patterns due 
to its extreme inherent strain, polarization, and other factors.  These unique properties were 
harnessed toward enhanced dienophilicity and endo directivity in Diels–Alder reactions. 
Intramolecular Diels–Alder (IMDA) reactions are described in the second chapter.  
Cyclobutenone and larger cycloalkenone substrates again diverged in reactivity and selectivity.  
Lewis acid catalysis reduced this gap to give high levels of endo addition across the series.  This 
stereochemical information was then translated to trans hydrindene junctions by controlled 
fragmentation of erstwhile dienophile moieties.   
Observations within these two projects inspired the idea discussed in the third chapter.  
Here the groundwork is laid out for substitution of cyclobutenone to modulate its properties and 
carry functionality.  In an early example, certain halogenation patterns are shown to further 
activate cyclobutenone as a dienophile, as well as provide a reactive handle to diversify the 
possible structures originating from a cyclobutenone core. 
The last chapter describes two total synthesis projects and their connection.  A group of 
resveratrol-based natural products and analogs were prepared by branching from a master 
intermediate.  Subsequently, a variant of this polyphenol intermediate was used to guide the route 
toward dalesconol A and B.  These polyketides are potent immunosuppressants.  A common 
synthetic strategy unifies these total syntheses, much as the cyclobutenone program is 
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LIST OF ABBREVIATIONS AND SYMBOLS 
 
2D two dimensional 
! alpha 
AcOH acetic acid 
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DNPH 2,4-dinitrophenylhydrazine, Brady’s reagent 
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1H NMR proton nuclear magnetic resonance 
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HRMS high resolution mass spectrometry 
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im 1H-imidazole, imidazole, imid 
IMDA intramolecular Diels–Alder 
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i-Pr isopropyl 
IR infrared 
IUPAC International Union of Pure and Applied Chemistry 
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kcal kilocalorie(s), kilogram calorie(s) 
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KOtBu potassium tert-butoxide 
krel relative rate constant 
L liter(s) 
LA Lewis acid 
LDA lithium diisopropylamine 
LAH lithium aluminum hydride, LiAlH4 
LG leaving group 
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LTA lead tetraacetate, lead(IV) acetate 
LRMS low resolution mass spectrometry 
LUMO lowest unoccupied molecular orbital 
µ micro 
µL microliter 
µm micron, micrometer 
M molarity 
M molecular ion peak (MS) 
m meta 
m multiplet (NMR) 
MAD methylaluminium bis(2,6-di-tert-butyl-4-methylphenoxide) 







mmHg millimeter(s) of mercury 
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v 
MP melting point 
Ms methanesulfonyl, mesyl 
n-Bu normal butyl 
NMR nuclear magnetic resonance 
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NOESY nuclear Overhauser effect spectroscopy 
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p para 
% pi 
PCC pyridinium chlorochromate 
Pd/C palladium on carbon 




pKa negative logarithm of acid dissociation constant, -log10Ka 
ppm part(s) per million 
py, pyr pyridine 
q quartet (NMR) 
RDS rate-determining step 
ref. reference 
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Chapter 1.  Cyclobutenone 
1.1   History of efforts toward cyclobutenone 
 
Cyclobutenones of general structure 1 (Figure 1) have been shown to exhibit broad 
utility over the past thirty years.  Generally prepared through [2+2] addition sequences, 
cyclobutenones have diverse uses as strained building blocks for ring-expanded products, 
vinyl ketenes, and cyclobutenes.1,2  In contrast, the difficulty in preparing and handling the 
unsubstituted parent cyclobutenone has precluded its development.  
 




 An early report suggestive of 1 came in 1954 (Figure 2).3  In this account, Cope et al 
first carried out Diels–Alder cycloaddition between electrocyclized 2,4,6-cyclooctatrien-1-one 
(2) and dimethyl acetylenedicarboxylate (3).  A small amount of a carbonyl-containing product 
was isolated from pyrolysis of this adduct and its hydrogenated counterpart (4 and 6, 
respectively).  Based on mechanistic rationale, as well as physical properties of volatility and 
a sharp odor, the authors proposed a common structure for this product: cyclobutenone (1). 
 



























 In the same vein, Cope and coworkers also studied the alkaline oxidative 
degradation of cycloadduct 8 (Figure 3).  Although they were able to isolate anthroquinone 
(9)  in 73% yield, they did not isolate cyclobutenone 1 as a second expected product. 
 




Soon after, Vogel and Hasse prepared a dimethyl ketal of previously-studied Diels–
Alder adduct 4 (Figure 4).4  Upon subjection of this ketal 10 to pyrolysis conditions, a four-
membered ring was successfully isolated (11) and shown to be the dimethyl ketal of Cope’s 
proposed structure of 1.   
 
Figure 4.  Attempted hydrolysis of cyclobutenone dimethyl ketal (1958) 
 
 
As shown in Figure 4, treatment of ketal 11 with cold aqueous acid did not give 1 as 
planned, but a mixture of 3-hydroxycyclobutanone (12), 3-methoxycyclobutanone (13), and 
1,3,5-triacetylbenzene (14).  The authors do not comment on the remaining mass balance, 

















































cyclobutanone products.  It appears that isolation and direct confirmation of 1 was thwarted 
by its reactivity as a Michael acceptor of water or released methanol, from which further 
transformations can occur (i.e. 12 continues to the major product 14).  This result also 
suggests that Cope was unable to isolate 1 as prepared in Figure 3 due to subsequent 
reactions with nucleophilic sodium ethoxide. 
It was not until 1971 that 1 was first conclusively prepared, when Sieja accessed the 
parent compound through the two independent routes shown in Figure 5.5  The final product 
was characterized by mass spectroscopy, infrared spectroscopy, and 1H NMR spectroscopy 
before polymerizing sometime in overnight storage at -78 oC.  In addition to the lack of 
stability of the product, these routes contain notable synthetic difficulties such as the use of 
allene (15), ketene (20), carbonyl fluoride (COF2), and a troubling Lemieux–Johnson 
oxidation to give acid 18.   
 
Figure 5.  First conclusive preparations of cyclobutenone (1971) 
 
 
With the compound finally in hand, Sieja noted that cyclobutenone holds a unique 
place in the series of cycloalkenes and cycloalkenones shown in Table 1.  The indicated !-
hydrogen of 1 was found to have an unexpectedly large change in chemical shift from 
cyclobutene (entry 3, column "!), as compared to other rings both larger and smaller.  This 
suggests a greater degree of enone polarization, and is attributed to the unique spatial 
position of the !-hydrogen in the magnetically anisotropic enone system of 1.  In accord with 
+
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earlier work, the highly deshielded resonance seen at of the ! position of 1 suggests that 1 is 
strongly electrophilic at this position. 
 
Table 1.  Comparison of !-hydrogen shifts in 1H NMR (figure adapted from Ref. 5) 
Entry Cycloalkene (!) Cycloalkenone (!) "! (ppm) 
      
1 
 5.59  6.68 
1.28 
2 
  5.80  7.71 
2.11 
3 













      
 
Despite the curious structure and potential applications of cyclobutenone, Sieja’s 
preparation remained a synthetic achievement of limited utility.  1 received little attention as 
its more easily prepared substituted analogs were explored in the following decades, to our 
knowledge not making an appearance in the literature for another thirty-three years. 
In 2004, Helal and coworkers built upon Sieja’s experience and prepared 1 for 
immediate use.6  As shown in Figure 6, 3-acetoxycyclobutanone7 was treated with 1,8-
diazabicyclo[5.4.0.]-undec-7-ene (DBU) and 4-nitroimidazole (26),  resulting in a net 
exchange of acetate with 4-nitroimidazole.  Given the generally weak reactivity of 26 in 
displacement reactions and the likelihood of 1 undergoing facile Michael addition, the authors 


















This contribution of a more synthetically accessible route is useful for cases in which 
cyclobutenone 1 can be generated and consumed in situ, and it provides a measured 
example of the reactivity of the title compound if it were formed as presumed.  Nonetheless, 
the scientific community to this date lacked a practical preparation of cyclobutenone 1 that 
allowed its confirmed usage and storage.  With these goals in mind, our group embarked on 



















1.2  Background of Danishefsky 2010 preparation of cyclobutenone!"
While there is sparse literature precedent surrounding parent cyclobutenone 1, 
substituted cyclobutenones have enjoyed rich development both in preparation and usage.  
They are generally made by the four methods shown in Figure 7: Method A from [2+2] 
cycloaddition of alkynes and ketenes9-12 or keteniminium salts,13 the former being the most 
common route, method B from squaric acids,14-16 method C from allenes,17 or method D from 
tandem Michael addition-cyclization of 2,3-allenoates.2 
 
Figure 7.  General methods A-D to access monocyclic cyclobutenone structures 




Examination revealed that a synthetic route to the parent cyclobutenone 1 via these 
methods would require the use of gaseous ketene (20), which was impractical due to its 
particular preparation and toxicity.18  While the target structure could not be made more 
accessibly by the above illustrated conventional methods, the Danishefsky laboratory realized 
that Sieja’s 1971 synthesis could be modernized to reflect updates in the field.   
Building backwards from Sieja’s end–game, postdoctoral fellow Dr. Xiaohua Li 
published the route shown in Figure 8 in 2010 as part of our laboratory’s studies of the 
compound.8,19  To develop this route, Dr. Li executed an alternate preparation of acid 18 
using the methods of Pigou and Schiesser.20  Although a recent example of this chemistry 
required fairly gentle conditions to form the four-membered ring of general structure 30, our 
































From this point, acid 18 was converted to cyclobutenone 1 with a few modifications 
from Sieja’s original synthesis.  We spent some time surveying methods for the halogenative 
decarboxylation of acid 18 to a 3-halocyclobutanone 19 via a one-pot Hunsdiecker-type 
reaction.22-24  The less toxic Suarez modification25 provided a yield of 59% of the 
corresponding 3-iodocyclobutanone.  Kochi26 and Barton27 modified Hunsdiecker reactions 
were also considered; however, a mild Cristol–Firth-like28,29 modification using red mercury 
(II) oxide was found to be the most successful. 
In Sieja’s preparation, carbon tetrachloride was used as a traditional Hunsdiecker 
reaction solvent, giving 19 in 45% yield.  Solvent was found to be a point through which 
improvements could be made.  Carbon tetrachloride is toxic and has a relatively high boiling 
point (77 oC), making it less ideal for our use.  Considering that we either could distill our 
product and risk thermal decomposition, or evaporate solvent away and risk evaporative loss 
of product, and that our other reagent (bromine) boils at 58.8 oC, we decided to test a lower-
boiling solvent.  Ultimately, the use of methylene chloride solvent, magnesium sulfate drying 
agent, and excess bromine30 allowed excellent conversion to 19. 
Cyclobutenone 1 was then prepared by elimination of 19 exactly as in Sieja’s 
protocol, at which time it was volatilized out of solution for isolation.  In contrast to Sieja’s 
neat spectroscopic characterization at 60 MHz, our 1H NMR chemical shifts of sample in 





























appeared at 3.29 ppm, our # proton appeared as a doublet at ! 6.11 while Sieja observed a 
peak at ! 6.17, and our ! proton appeared as a doublet of triplets at ! 8.18 while Sieja 
observed a peak at ! 8.35.  Although we cannot directly compare our values, this would 
reduce the change in chemical shift seen in entry 3 of Table 1 from ! 2.40–2.23. This 
difference remains a significant jump from entries 1 and 2, and is be comparable to that seen 
in the change from cyclobutenones to cyclopropenones. 
The use of deuterated chloroform for NMR spectroscopy proved fortuitous.  As Sieja 
found, cyclobutenone 1 readily polymerizes in the neat state even at cold temperatures.  
Samples of cyclobutenone 1 dissolved in deuterated chloroform, however, were found to be 
stable overnight.  This surprise led to the finding that cyclobutenone can be stored as a 
concentrated solution in chloroform at 0 oC.  We found that these solutions were stable for 
several months if stored in a refrigerator.  Now with a way to make cyclobutenone and handle 





1.3  Danishefsky 2012 large scale preparation of cyclobutenone31 
From this point, our goal was prepare a larger quantity of pure cyclobutenone.  We 
found that about two grams could be synthesized using our laboratory’s 2010 route shown in 
Figure 9.  We then considered what could be modified to produce at least five grams per 
batch. 
 





There were three main concerns in scaling up:  
(1) Tedious preparation of acid 18. 
(2) Safety hazards and heterogeneity of the Hunsdiecker reaction giving bromide 19. 
(3) Cyclobutenone 1 is more prone to polymerization on larger scale, and often was not 
pure enough to use right away when prepared under these conditions. 
 
 To address the issues raised above and simplify the route, we first found a 
reasonably-priced commercial supplier of acid 18.  Thus, our route was reduced to the 
conversion of 18 to 1, directly mirroring Sieja’s final steps.  Next, we considered the proposed 
mechanism of the Cristol–Firth modified Hunsdiecker reaction (Figure 10).  Unlike the 
traditional Hunsdiecker reaction using silver carboxylate salts, the Cristol–Firth modification 






























Figure 10.  Proposed mechanism of Cristol–Firth modified Hunsdiecker reaction 
 
 
To facilitate large-scale conversion of 18 to 19, we increased the concentration of the 
Cristol–Firth modified Hunsdiecker reaction.  Settling at doubled concentration, reaction 
scales were screened up to 20 g of acid 18 (Table 2).  
 
Table 2.  Halogenative decarboxylation large-scale screening 
 
 
Entry Scale of acid 18 Conditions Yield 
    
1 1 g 0.7 M CH2Cl2, 1.5 hr 69% 
2 1 g 0.7 M CH2Cl2, 3 hr 77% 
3 10 g 0.3 M CH2Cl2, 3 hr 96% 
4 20 g 0.7 M CH2Cl2, 3 hr 88% 
5 20 g Confirm reproducibility of entry 4 85% 
    
    
As compared to the original conditions (entry 3), reduced yields were observed in 
initial small-scale attempts (entry 1, 2), likely due to increased reaction heterogeneity and 
difficulty in work-up.  Good results were obtained as the unwieldy original amount of 
red HgO + 2 Br2 HgBr2 + [Br2O]
Stage 1: Generate active agent



















1.5 equiv Br2, 






halogenated solvent was reduced on larger scales (entry 4, 5).  More attention is required in 
reaction mixing, and thorough rinsing of the filter cake in the work-up.  Care was also taken to 
ensure efficient venting of released carbon dioxide gas without excess loss of bromine. 
The Cristol–Firth variant of the Hunsdiecker reaction28 normally employ one 
equivalent of halogen.  Use of additional bromine allowed the reaction to be driven to 
completion in this case.  We used 1.5 equivalents of bromine such that the highly hazardous 
reaction would not require monitoring by thin layer chromatography (TLC); Organic 
Syntheses reviewers noted that more bromine could be added to achieve a yield of 90%.31 
Superstoichiometric bromine accounts for two things.  One, bromine’s natural 
volatility, and two, side reaction with methylene chloride 31 as solvent.  As shown in  
Figure 11, methylene chloride can be brominated under the action of bromine and red 
mercury (II) oxide.32  Despite this impurity, the benefits of methylene chloride outweighed a 
change to carbon tetrachloride solvent.  Elemental analysis of bromide 19 revealed no 
substantial bromodichloromethane 32, or dibromodichloromethane after filtration. 
 
Figure 11.   Reaction with methylene chloride (31) under Hunsdiecker conditions 
 
 
 Neat bromide 19 was found to decompose within two days at room temperature or 
upon exposure to light.  The material was unchanged after up to a week in the dark at 0 oC.  
Samples in solution were found to be more stable even at room temperature. 
In the last step, the bromide of 19 was eliminated to generate cyclobutenone 1, which 
is then removed to a cooled flask by direct vacuum transfer.  The prior procedure often gave 
product contaminated with diethyl carbitol and trace tri-n-butylamine (TNBA), which 
necessitated a second distillation for purification.  Subsequent purification was impractical on 
larger scales due to increased risk of polymerization.  An attempt to use our original 
conditions on large scale led to the formation of a white rubbery substance in under thirty 













To distill out pure cyclobutenone in one quick run, conditions had to be fine tuned.  
TNBA, boiling at 214–216 oC, was sometimes found as a trace contaminant.  In contrast, 
diethyl carbitol, also known as diethyl diglyme or diethylene glycol diethyl ether, boils at      
189 oC, and often contaminated the product in significant amounts.  Cyclobutenone itself is 
estimated to boil around 90 oC.  Thus, ethereal solvent was forgone to reduce the chance of 
contamination.   
Conditions were screened to react the immiscible TNBA and bromide 19 (Table 3).  
Eventually, it was found that two equivalents of TNBA was sufficient to act both as solvent 
and base.  As seen in the later entries, the elimination yield was optimized to 67% by 
controlled vacuum transfer, followed by immediate dissolution to form a stock solution.  
Additionally, the reaction flask was maintained at a temperature of 25 oC so the large vacuum 
system would not cool the reaction too much.  It was found that reaction time before vacuum 
transfer had little effect on product, showing that cyclobutenone is substantially more stable in 
alkaline TNBA solution than in the neat state.  No deprotonation, reaction, or extra 
decomposition was noted if the solution were stirred for up to two hours before vacuum 
transfer of cyclobutenone. 
 
Table 3.  Elimination to cyclobutenone (1) without ethereal solvent 
 
 
Entry Scale of bromide 19 Condition Yield 
    
1 1.7 g 3 equiv TNBA 51% 
2 12.5 g 2 equiv TNBA 57% 
3 23 g 2 equiv TNBA, 20 min transfer 65% 
4 17 g 2 equiv TNBA, 20 min transfer 66% 
5 17 g Confirm reproducibility of entry 4 67% 
    
    
 
At this point we were able to contribute full characterization of cyclobutenone 1 to the 
literature.  Cyclobutenone was stored as a standardized 1 M solution in deuterated 








Figure 12.  Summary of scaled up preparation of cyclobutenone (1) 
 
 
This work shows that cyclobutenone can be conveniently prepared in two steps from 
commercial material.  The product is obtained in 58% overall yield and in high purity.  Stored 
in deuterated chloroform in a 0 oC refrigerator, supplies have been shown to slowly decline in 







85 - 90% 65 - 67%
nBu3N
up to 6.9 g 
per batch
19 118
up to 23 g 
per batch
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As a reasonably scalable synthetic route to cyclobutenone was established, we 
began to explore the compound’s reactivity.  Cyclobutenone was seen to be an excellent 
Michael acceptor, being consumed within an hour by donors ranging from acetic acid to 
methanol, yet stable to decomposition.  Below temperatures favoring cycloreversion, the 
reactivity of cyclobutenone seems geared towards relieving strain by hybridization to a 
cyclobutanone structure.  In step with this observation, we sought to study cyclobutenone’s 
dienophilicity in Diels–Alder reactions, in which the # and ! carbons would hybridize from sp2 
to less strained sp3 centers.  In particular, we were interested in comparing the dienophilicity 
of cyclobutenone to larger cycloalkenones, and see if additional ring strain might enhance the 
relative dienophilicity of cyclobutenone. 
The Diels–Alder reaction is regarded as a powerful method to forge cyclohexene 
rings, and has been reviewed extensively.34,35  While scientists such as Zincke36-38 and 
Lebedev39 had explored the transformation as early as 1893, it was not until 1928 that Diels 
and Alder correctly assigned the structure of these products, and thus established the 
definitive claim to their namesake reaction.40  Following this achievement, [4+2] reactions 
have been richly developed as a methodology, and widely used as tools in target-oriented 
synthesis. 
2-Cycloalkenones have enjoyed prominence as theoretical dienophile synthons since 
their Diels–Alder debut in the 1930s.  They hold the appeal of allowing rapid assembly of 
kinetic cycloadducts that are generally stable to cycloreversion, for example the octalone 
skeleton found in many sesquiterpenes, steroids, and terpenes.  These structures lost favor 
due to experimental drawbacks that could not be overcome by the harsh thermal conditions 
of the time: poor dienophilicity and variable yields of mixed products.41 
By the time Yates introduced efficient Lewis acid catalysis of Diels–Alder reactions in 
1960, which may have solved these issues, the synthetic community had moved on to the 
alternate annulation methods of the steroid era.42  What interest was revived in 2-
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cycloalkenones as dienophiles under Lewis acid catalyzed conditions produced disappointing 
results, and they again lost attention until the advent of activated dienes43 and Fringuelli’s 
systematic Diels–Alder reaction studies of the 1980s.41,44 
Despite being relatively poor dienophiles, 2-cycloalkenones are structurally useful 
enough that they have still been employed, sometimes as a key synthetic step in total 
synthesis.41  Development of Diels–Alder reactions of cyclobutenones, on the other hand, 
echoes the lag in their syntheses.  At this time, we found only two prior examples of 
substituted cyclobutenone Diels–Alder reactions in the literature, and no examples for the 
unsubstituted parent compound.  The first example came from the need for a synthetic 
equivalent of terelactone that would function as an improved dienophile.  To meet this 
challenge, Kelly and McNutt prepared 4,4-dimethylcyclobutenone in as shown in Figure 13, 
reasoning that the strained system would confer greater reactivity.45  This concept is not new, 
of course.  An elegant example of exploiting small ring strain in dienophiles is Boger’s total 
synthesis of rubrolone aglycon, in which a remarkably mild Diels–Alder reaction is driven by 
relief of strain in a cyclopropene ketal as well as use of an electron-rich diene.46 
 
Figure 13.  4,4-Dimethylcyclobutenone 
 
 
As shown in Table 4, 4,4-dimethylcyclobutenone proved to be a substantially more 
reactive dienophile than its ring-expanded counterpart, terelactone.  4,4-Dimethylcyclo-
butenone gave a single product with 1,3-diphenylisobenzofuran in 62% yield after sitting at 
ambient temperature in deuterated chloroform for five days.  No reaction was induced 
between 1,3-diphenylisobenzofuran and terelactone under these conditions, or with heating.  
It is worth noting that our use of chloroform to store cyclobutenone proved fortuitous again, as 














Terelactone reacted with neat cyclopentadiene around the latter’s cracking 
temperature (160 oC), giving a low yield of product in 2.9:1 exo/endo addition ratio.  A special 
procedure was required for 4,4-dimethylcyclobutenone to undergo cycloaddition with 
cyclopentadiene, during which the dienophile was slowly added to diene and trace Lewis acid 
in refluxing carbon tetrachloride, also giving 62% product as a single exo addition product. 
 
Table 4.  Diels–Alder reactivity comparison of 4,4-dimethylcyclobutenone and 
terelactone45 
 Diels–Alder yields and conditions with dienophile: 
Diene 4,4-Dimethylcyclobutenone Terelactone 
   
 
62% 
5 d, rt, CDCl3  
NR 




62%, all exo 
3 hr, rt, CCl4 
 
 
Low yield, 2.9:1 exo/endo 
160 oC, neat 
   
 
 
4,4-Dimethylcyclobutenone was notably more stable than cyclobutenone, and we 
reasoned that cyclobutenone may thus be more reactive.  These experiments helped build 
our interest to test if cyclobutenone exhibited enhanced Diels–Alder dienophilicity compared 
to its larger analogs, and if it could be used as a functionalization springboard.   
 




















In 1991, 3-cyanocyclobutenone was prepared through a sequence starting with a six-
day, high-temperature [2+2] reaction of allene and a captodative olefin (Figure 14, above).  It 
was found to be a strong dienophile, in particular as compared to 3-cyanocyclopentenone.17  
In comparison to 4,4-dimethylcyclobutenone, the non-catalyzed Diels–Alder reaction of 3-
cyanocyclobutenone and cyclopentadiene monomer required only fifteen minutes at 0 oC.  A 
comparison using 1,3-cyclohexadiene (Figure 14) showcases a vast change in reactivity 
between 3-cyanocyclobutenone and 3-cyanocyclopentenone.  The authors suggest that the 
activating cyano functional group is more effective in the more strained cyclobutenone ring 
system. 
The authors performed several other non-catalyzed Diels–Alder reactions with the 
limitation that all reactions had to be run at room temperature or below to avoid 
cycloreversion of the dienophile to the vinylketene.  As we observed with cyclobutenone, the 
authors found 3-cyanocyclobutenone to be highly unstable and prone to polymerization. 
Based on the two substituted cyclobutenone Diels–Alder reactions in the literature, 
we reasoned that the reactivity of cyclobutenone itself would likely stand in between the 
sterically hindered 4,4-dimethylcyclobutenone, and the activated 3-cyanocyclobutenone.  It 
appears that the dramatic enhancement in cyclobutenone dienophilicity comes from multiple 
factors.  For example, the unique structure of cyclobutenone positions it to benefit from relief 
of ring strain and rehybridization during cycloaddition.  Greater ease to reach these 
deformations may lowered the LUMO and allow an earlier transition state with our strained 
title compound.47,48  
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1.4.2 Diels–Alder reactions of cyclobutenone and larger cycloalkenones 
An early survey of cyclobutenone Diels–Alder reactions was published with the 
compound’s 2010 synthesis.8  These first examples showed cyclobutenone to be an excellent 
dienophile.  We then began a systematic study of its reactivity, especially in comparison to 
larger commonly used analogues cyclopentenone and cyclohexenone.33  We also entered a 
computational collaboration with Professor K. N. Houk, my undergraduate advisor. 
We first reacted cyclobutenone with cyclic dienes ranging from cyclopentadiene to 
cyclohexadiene (Table 5).  At ambient temperatures, cyclobutenone produced 77% of 
product with cyclopentadiene in just one hour.  At 45 oC, the same reaction provided 88% 
yield with somewhat eroded endo selectivity.  Larger dienes were less reactive, requiring 
prolonged heating and Lewis acid to give moderate yield of product.  From these results and 
the calculations performed by our collaborators, cyclobutenone Diels–Alder reactions appear 
to be under kinetic control, as expected. 
 
Table 5. Cyclobutenone Diels–Alder reactions with cyclic dienes 
 
 
 Calculation (kcal/mol) a Experimental yield (endo:exo) b 
n EA  GA ER 23 oC, 1 hr 45 oC 45 oC, 1 equiv ZnCl2 
       
1 29.8 24.5 -35.1 77% (8.8:1) 88% (6.8:1), 1 hr - 
2 12.6 27.2 -46.6 <1% 24%, 24 hr 46% (all endo, 24 hr) 
3 15.6 30.2 -49.3 NR <2%, 24 hr 53% (all endo, 40 hr) 
       
a Calculation of endo reaction energetics performed by our collaborators, Prof. K. N. Houk, Prof. R. S.  
  Paton, and Dr. S. Kim, using the M06-2X density functional.   
b Isolated yields.  Experimental endo:exo ratios determined by 1H NMR integration.  
 
 
As an illustrative comparison, cyclobutenone was then compared to cyclopentenone 
in a Diels–Alder reaction with cyclopentadiene (Table 6).  A drastic difference is observed 
both in conditions required and output.  While cyclobutenone quickly reacted at ambient 









(   )n+
endo addition exo addition
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heating to 150 oC for 24 hours to give product in moderate yield and a slight majority of exo 
addition.  Resubjection of pure endo cyclopentenone-cyclopentadiene adduct returned a 2:1 
endo/exo mixture, while the cyclobutenone-cyclopentadiene adduct remained stable. 
 
Table 6. Representative example of increased dienophilic reactivity of cyclobutenone  
 
 
  Cyclobutenone (m=1) Cyclopentenone (m=2) 
    
 Yield (endo:exo) 77% (8.8:1) 50% (0.8:1) 
    
 Conditions 23 oC, 1 hr 150 oC, 24 hr 
    
 Resubjection of  
endo adduct 
stable 2:1 endo/exo 
    
    
 
 
Diels–Alder reactions of larger cycloalkenones were explored more with 
cyclopentadiene (Table 7).  A substantial decline in endo selectivity was observed as the 
reactions were run at higher temperatures.  Even under harsh conditions, comparable yields 
or selectivity to cyclobutenone are not reached in the cases of larger cycloalkenones. 
 
Table 7.  Cycloalkenone Diels–Alder reactions with cyclopentadiene 
 
 
 Calculations in kcal/mol a Experimental yield (endo:exo) b 
m EA  GA ER 23 oC, 1 hr 120 oC, 24 hr 150 oC, 24 hr 
       
1 29.8 24.5 -35.1 77% (8.8:1) - - 
2 12.5 27.8 -28.1 NR 32% (6.3:1) 50% (0.8:1) 
3 14.2 29.3 -27.1 NR 36% (3.9:1) 36% (2.6:1) 
       
a Calculations of endo reaction energetics performed by our collaborators, Prof. K. N. Houk, Prof. R. S.  
  Paton, and Dr. S. Kim, using the M06-2X density functional.   
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 Dienophilicity was also compared across the cycloalkenone series with 2,3-dimethyl-
1,3-butadiene (Table 8).  As with cyclopentadiene, both cyclopentenone and cyclohexenone 
required heating at 150 oC for 24 hours to produce cycloadducts in useable yield.   
 
Table 8.  Cycloalkenone Diels–Alder reactions with 2,3-dimethylbuta-1,3-diene 
 
 
 Experimental yield a 
m 45 oC, 12 hr 120 oC, 24 hr 150 oC, 24 hr 
    
1 40%  - - 
2 NR 3.6% 23.2% 
3 NR 1.8% 12.6% 
    
a Isolated yields.  
 
Competition experiments added support to ordering the reactivity of cyclopentenone 
ahead of cyclohexenone (Table 9). In comparison to earlier experiments with a single 
dienophile, cyclopentenone dominated through a kinetic advantage. 
 
Table 9.  Competition experiments 
 
 
  Competition experimental yield (endo:exo) a 
 Diene Cyclohexenone (m=2) Cyclopentenone (m=1) 




    
 
 
4.2% 58.7% (1:1.3) 
    







m(   ) m(   )
OO
+ + R








m(   )
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 Cyclobutenone appears to have enhanced dienophilicity as a consequence of its 
unusually strained four-membered cyclic structure.  Increased reactivity was observed 
roughly in line with that predicted by frontier molecular orbital (FMO) interactions like EA.  
Predicted relative rates, calculated by our collaborators, are shown in Table 10.  Additional 
factors are needed to explain the vast increase in rate going from cyclopentenone to 
cyclobutenone.  We propose the enhancement also comes from a reduced penalty to bring a 
diene into the transition state with less hindered dienophiles, and easing of out-of-place 
distortion penalties as the dienophile itself reaches the transition state.  Essentially, 
cyclopropenone and cyclobutenone are closer in structure to their transition states than 
cyclopentenone and larger enones are to theirs.   
We suggest that cyclobutenone’s unusually high endo selectivity also results from its 
relative ease in reaching an endo transition state.  Traditional explanations of endo selectivity 
rest on stabilizing secondary orbital interactions to favor a kinetic product; this idea may be 
outdated as it was based on balanced closed-shell repulsions in endo and exo orientations.49  
A more nuanced picture accounts for the substantial role of electrostatic interaction in 
cycloaddition, especially so in the hovering endo transition state.50  This magnetic effect may 
be seen in the hydrophobic squeeze concept as applied to Diels–Alder reactions.51  
 
Table 10.  Relative reactivity of selected enones 

















     
Predicted rate constant krel a 
1 0.65 11.2 2,200 620,000 
     
a Calculations of reaction energetics performed by our collaborators, Prof. K. N. Houk, Prof. R. S.  
  Paton, and Dr. S. Kim, using the M06-2X density functional.   
 
 
 In summary, cyclobutenone was explored as a Diels–Alder dienophile and found to 
be highly reactive, surpassing larger cycloalkenones both in yield and in endo selectivity.  
Reactions could be conducted under mild conditions for cyclobutenone, and under harsh 
conditions for larger cycloalkenones. 
O O O O O
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1.5  Some thoughts on cyclobutenone and aromaticity 
From chemical intuition, the keto form of cyclobutenone is expected to dominate over 
the enol form (1, Figure 15).  We then considered what would happen if the structure were 
charged at C3 as indicated on the flanking structures of Figure 15.  An enol or enolate would 
seem to not only add great strain to a planar ring,52 but to satisfy the criteria set forth for 
antiaromaticity.  Conversely a cation, or dication, would seem to satisfy the criteria for 
aromaticity.53  
 
Figure 15.  Cyclobutenone as a potential experimental model of aromaticity studies 
 
 
The concept of aromaticity is well-recognized and yet the concept of antiaromaticity, 
appealing as a complementary balance to the former, remains fuzzy.  Antiaromaticity was 
defined by Breslow as the destabilization in some cases of cyclic delocalization of 4n $ 
electrons, as opposed to the aromatic stabilization enjoyed by molecules satisfying Hückel’s 
4n+2 rule.54  Cyclobutadiene is considered the paradigm of neutral antiaromaticity, and its 
properties have been the subject of much research over more than one hundred and forty 
years.  This perennial popularity demonstrates the importance of the concept to chemical 
theory, as well as the difficulty to resolve fine and somewhat philosophical questions of basic 
research.   
To date, there have been only theoretical treatment of these questions on 
cyclobutenone.  Calculations predict the keto tautomer to be favored by 55.2 kcal/mol, which 
is about equal to the destabilization cyclobutadiene is thought to sustain from 
antiaromaticity.55  In comparison, cyclobutanone favors its keto form by 19.9 kcal/mol,56 while 
simple ketones like acetone are on the order or 10-15 kcal/mol.57  Substantial destabilization 














Despite the availability of substituted cyclobutenone structures, there has been 
sparse attention to their potential use to probe aromaticity concepts.  For example, Broadus 
and Kass reported the gaseous deprotonation of benzocyclobutenone with fluoride anion.  
They claimed structural distortion and delocalization over the fused benzene ring relieved 
some antiaromatic penalties.56  The authors predict that unsubstituted cyclobutenone can 
delocalize just 12% of an enolate charge onto the carbonyl, and will be 22 kcal/mol less acidic 
than benzocyclobutenone. 
Now that the parent cyclobutenone is more readily available, it is our hope that 
aromaticity or antiaromaticity from cyclobutenone will be an experimental interest in the 
scientific community.  Like cyclopropene, cyclobutenone could serve as a model for both 
extremes.  Our brief experiments on this subject are inconclusive.  These questions will be 
revisited in the context of 4-halogenated cyclobutenones. 
 
Some fundamental research questions that may now be probed experimentally include: 
(1) What is the basicity or acidity of cyclobutenone? 
(2) Is cyclobutenone enol or enolate antiaromatic? 
(3) Is cyclobutenone with a positive charge at C3 aromatic? 
 
 24 
1.6  Conclusion 
 
Cyclobutenone, a longstanding synthetic challenge, can now be prepared by a 
practical synthesis on large scale.  We have contributed the first full characterization and 
method of storage to the literature.  It has been found to be a reactive and highly endo-
directing dienophile in Diels–Alder reactions; cyclobutenone has been studied experimentally 
and through computational collaborations. 
There is potential for further development in Diels–Alder reactions as well as other 
processes benefitting from a highly strained substrate.  Methodologies previously applied 
only to substituted cyclobutenones may now be tested with the parent compound.  One 
example is catalyzed carbon-carbon bond cleavage to form a metal-stabilized vinylketene.58  
Cyclobutenone could also be used to probe academic concepts like antiaromaticity. 
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1.8 Experimental for Cyclobutenone 
Text for selected experimental section adapted from manuscripts.1,2  All non-aqueous reactions 
were performed in oven- or flame-dried glassware.  Reactions were run under positive argon 
pressure, or in sealed tubes flushed with argon as indicated.  Unless otherwise noted, reagents 
and anhydrous solvents were purchased at the highest commercial quality and used without 
further purification.  3-Oxocyclobutanecarboxylic acid was purchased from Advanced 
ChemBlocks, Inc. and used without further purification; the acid can be prepared according to 
literature procedure.3  Anhydrous magnesium sulfate and deuterated chloroform were purchased 
from Fisher Scientific International, Inc.  Methylene chloride (99.5%, stabilized, certified ACS) was 
purchased from Fisher Scientific International, Inc., and freshly distilled over calcium hydride 
before use.  SiliCycle SiliaFlash P60 (230–400 mesh) was used.  All other chemicals were 
purchased from Aldrich Chemical Company, Inc.   
 
Reactions were monitored by thin- layer chromatography on Merck silica gel plates (60-F254), 
which were visualized with UV light and KMnO4 stain.  Organic solutions were concentrated 
under reduced pressure using a Büchi rotatory evaporator.  Flash column chromatography was 
performed with Sorbent Technology silica gel 60 (particle size 32-63 µm).  Yields are reported for 
isolated, spectroscopically homogeneous material unless otherwise indicated. 
 
NMR spectra were recorded on Bruker DRX 300, 400, or 500 MHz spectrometers.  Abbreviations 
for 1H NMR are as follows: br = broad, ap = apparent, s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet. 13C NMR carbon multiplicities were determined by Heteronuclear Single 
Quantum Coherence (HSQC) spectroscopy. IR spectra were recorded in inverse wavenumbers 
(cm-1) on a Nicolet AVATAR 370 DTGS spectrometer. High-resolution mass spectra (HRMS) 
were obtained on a JEOL HX 110 mass spectrometer from the Columbia University Mass 
Spectral Core Facility. 
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3-Bromocyclobutanone (19): A 500-mL, single-necked, round-bottomed flask with a 24/40 
ground glass joint is equipped with a 6-cm Teflon-coated magnetic stirbar and charged with 3-
oxocyclobutanecarboxylic acid 18 (20.0 g, 175 mmol, 1 equiv).  Methylene chloride is added (250 
mL, 0.7 M) to dissolve the acid at ambient temperature (23 oC).  While stirring gently at 150 rpm, 
anhydrous magnesium sulfate (21.1 g, 175 mmol, 1 equiv) is added to the reaction, followed 
carefully by red mercury oxide (56.9 g, 263 mmol, 1.5 equiv).  An efficient reflux condenser is 
assembled and capped with a 24/40 sized rubber septum, through which the reaction is 
maintained under argon atmosphere.  The heterogeneous mixture is then stirred at 250-300 rpm 
and brought to vigorous reflux (oil bath temperature 46 oC) for 5 to 10 min to ensure freely flowing 
solids.   
 
Separately, neat bromine (13.5 mL, 263 mmol, 1.5 equiv) is taken up in a syringe with a needle 
approximately as long as the reflux condenser (12 inches).  The needle is threaded through the 
rubber septum at the top of the reflux condenser such that bromine will be released near or at the 
bottom of the condenser.  Bromine is carefully added dropwise over about 30 min to control the 
release of CO2 gas.  Three disposable 18-gauge needles are inserted into the septum to vent the 
reaction for the duration of bromine addition, and can be adjusted as needed. 
 
The reaction color gradually fades from bright orange to pale orange-yellow.  Upon completion at 
3 h, the reaction is cooled to ambient temperature (23 oC) and filtered through a pad of celite and 
silica with the aid of additional methylene chloride (250 mL).  The clear and very faintly yellow 
filtrate is placed in a 1 L separatory funnel and washed with saturated aqueous sodium 
CO2H




bicarbonate (3 x 200 mL).  The combined milky aqueous washes are back-extracted with 
methylene chloride (200 mL).  The combined organic extracts are washed with water (200 mL) 
then brine (200 mL).  The organic solution is dried over MgSO4, filtered, and concentrated by 
rotary evaporator (25oC, 100 to 30 mmHg) to give crude bromide 19 as a clear pale yellow liquid 
(22.1–23.0 g, 84.7–88.1% yield). 
 
Crude bromide 19 can be carried forward as non-volatile impurities do not go on to contaminate 
cyclobutenone 1.  Distillation of bromide 19 is reported in the literature (22–25 oC at 0.5–0.25 
mmHg);4 the compound may also be purified by flash column chromatography. 
 
Rf = 0.63 (CH2Cl2, visualized with KMnO4 stain developed with heat). 
1H NMR (500 MHz, CDCl3) ! 4.53 (m, 1 H), 3.75 (m, 2 H), 3.46 (m, 2 H). 
13C NMR (125 MHz, CDCl3) ! 203.1, 60.1, 28.9. 
IR (neat film, NaCl salt plate) 2936, 1786, 1161 cm-1. 
EI-HRMS (M-H)+ calculated for C4H4BrO+ 146.9440, found 146.9444. 









Cyclobutenone (1): A 250-mL, single-necked, round-bottomed flask equipped with a 5-cm 
Teflon-coated magnetic stirbar is charged with tri-n-butylamine (54.5 mL, 228 mmol, 2 equiv) at 
ambient temperature (23 oC).  Neat 3-bromocyclobutenone (19) is added to the amine dropwise 
over 30 min (17.0 g, 114 mmol, 1 equiv) and settles into a lower layer.  The reaction mixture is 
stirred for 1 h at ambient temperature, and can be stirred for at least 2 h without adverse effect.  
No precautions are taken to exclude light or monitor reaction progress by TLC.   
 
A 100-mL, single-necked, pear-bottomed flask is connected to the reaction flask via a short path 
distillation head with Vigreux indents.  This receiving flask is cooled to -78 oC in a dry ice/acetone 
bath, and the reaction flask is placed in an oil bath held constant at 25 oC.  As the reaction flask is 
vigorously stirred at 250 rpm, pressure is carefully reduced to 2.5 mmHg and held for 20 min to 
ensure that 1 does not foam over too rapidly.  At this time the receiving flask contains semi-frozen 
1, which rapidly melts to a clear and faint yellow liquid upon moving the receiving flask to ambient 
temperature (5.1–5.2 g, 65.6–66.9% yield).  In this preparation, crude melted 1 is dissolved in 
deuterated chloroform for use as a 1 M solution.  If desired, 1 can be briefly kept neat at -78 oC 
while quickly checking product purity by 1H NMR.  Another run of 23.0 g of 19 provided 1 (6.86 g, 
100.7 mmol, 65.3% yield) under the same reaction conditions. 
 
Neat 1 rapidly polymerizes at ambient temperature, and will polymerize even at -78 oC after about 
20 min.  1 has irritating vapors.  If necessary, a second distillation can be performed to separate 
crude 1 from non-volatile contaminants such as tri-n-butylamine.  Distillation must be done rapidly 








Solutions of 1 in deuterated chloroform are quite stable to storage, with no appreciable 
decomposition noted after one month in a 0 oC refrigerator.  The molarity of a sample 
cyclobutenone stock solution declined to about 0.7 M after nine months of regular use.  Solutions 
were stored at 0 oC in dark deuterated chloroform bottles, and did not require argon atmosphere 
or a seal.  Earlier work also showed a stock solution concentration of 80 mg 1 per mL chloroform 
to be acceptable.  Other solvents, concentrations, and temperatures for storage were not tested. 
 
Rf = 0.43 (4:1 pentane/diethyl ether, diffuse spot visualized with KMnO4 stain). 
1H NMR (400 MHz, CDCl3) ! 8.18 (dt, J = 2.8, 1.2 Hz, 1 H), 6.11 (d, J = 1.2 Hz, 1 H), 3.29 (ap t, J 
= 0.6 Hz, 1 H). 
13C NMR (100 MHz, CDCl3) ! 189.6, 162.4, 141.1, 50.8. 
FTIR (neat film, NaCl salt plate) 2958, 2932, 2872, 1777, 1465, 1086 cm-1. 
GC analysis of a 1M solution of 1 in deuterated chloroform was performed on a Shimadzu GC 
17A ver. 3 instrument using a SupelCo SPB-5 column (30.0 m x 0.25 mm) with a flame ionization 
detector (FID).  The assay is held steady at 50 oC after injection at 220 oC.  The observed 




1.4 Experimental: Collaborative study of cycloalkenone Diels-Alder reactions 
 
 
General procedure for Diels-Alder reaction of cycloalkenones with cyclopentadiene: 
Freshly cracked cyclopentadiene monomer (0.68 mL, 8 mmol, 4 equiv) was added to a solution of 
the appropriate dienophile (2 mmol, 1 equiv) in mesitylene, or deuterated chloroform for 
cyclobutenone (2.8 mL) at ambient temperature.  All mixtures were sealed in microwave tubes. 
The mixtures were stirred at set temperatures for the indicated time, then directly purified by flash 




General procedure for Diels-Alder reaction of cyclic dienes with cyclobutenone:  
To a solution of cyclobutenone in deuterated chloroform (0.5 mL, 80 mg/mL in CDCl3, 0.59 mmol, 
1 equiv) at 0 oC was added the appropriate diene (2.36 mmol, 4 equiv). All reactions were sealed 
in microwave tubes. The reactions were stirred at set temperatures for the indicated number of 
hours, then directly purified by flash column chromatography (silica, pentane to 10% diethyl 
ether). 
 
The endo adduct of S4 was prepared under Lewis Acid catalyzed conditions as follows:  
To a solution of cyclobutenone in deuterated chloroform (0.5 mL, 80 mg/mL in CDCl3, 0.59 mmol, 
1 equiv) at 0 oC was added ZnCl2 (1.0 M in diethyl ether, 0.59 mL, 0.59 mmol, 1 equiv), then 1,3- 
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and heated at 45 oC for 40 h, then directly purified by flash column chromatography on silica gel 
(0- 10% ether in pentane) to give 50 mg of S4 product as a clear, colorless oil (53%). 
 
   
S1 
 
Agrees with characterization from earlier work in our group.5 
1H NMR (400 MHz, CDCl3) ! 6.17 (t, J = 1.4 Hz, 2 H), 3.74 – 3.70 (m, 1 
H), 3.14 – 3.12 (m, 1 H), 3.06 – 3.05 (m, 1 H), 2.84 – 2.78 (m, 1 H), 2.75 
– 2.68 (m, 1 H), 2.16 (dt, J = 3.6, 18.4 Hz, 1 H), 1.76 (dd, J = 0.4, 8.0 
Hz, 1 H), 1.46 (dd, J =0.4, 8.4 Hz, 1 H). 
13C NMR (100 MHz, CDCl3) ! 211.1, 135.6, 132.6, 66.5, 54.4, 46.3, 
46.1, 44.0, 26.8. 
IR (thin film, salt plate) 2937, 1737 cm-1. 




1H NMR (400 MHz, CDCl3) ! 6.29 (dd, J = 5.6, 3.1 Hz, 1 H), 6.12 (dd, J 
= 5.6, 2.8 Hz, 1 H), 3.05 (br s, 2 H), 3.0 (br s, 1 H), 2.87 – 2.79 (m, 1 H), 
2.32 – 2.26 (m, 2 H), 1.5 (d, J = 9.7 Hz, 1 H), 1.4 (d, J = 9.7 Hz, 1 H).  
13C NMR (100 MHz, CDCl3) ! 211.6, 139.7, 136.0, 66.1, 45.4, 44.0, 
43.0, 40.9, 30.1. 
IR (thin film, salt plate) 3062, 2961, 1735 cm-1. 
EI-HRMS (M)+ calculated for C9H10O 134.0732, found 134.0730. 
 
   
S3 
 
Agrees with characterization from earlier work in our group.5 
1H NMR (400 MHz, CDCl3) ! 6.21 – 6.16 (m, 2 H), 3.31 – 3.28 (m, 1 H), 
2.91 – 2.82 (m, 2 H), 2.77 – 2.75 (m, 1 H), 2.43 – 2.37 (m, 2 H), 1.49 – 
1.44 (m, 1 H), 1.39 – 1.34 (m, 2 H), 1.25 – 1.20 (m, 1 H). 





30.9, 26.3, 24.4, 22.4. 
IR (thin film, salt plate) 3045, 2942, 2867, 1775, 1461, 1383, 1345, 
1314, 1280, 1224, 1207, 1169, 1136, 1115, 1099, 976, 864, 845 cm-1. 




1H NMR (400 MHz, CDCl3) ! 6.11 – 6.13 (m, 2 H), 3.5 (dt, J = 11.6, 3.3 
Hz, 1 H), 3.13 – 3.06 (m, 1 H), 2.80 – 2.86 (m, 1 H), 2.54 – 2.68 (m, 3 
H), 1.78 – 1.89 (m, 1 H), 1.62 – 1.71 (m, 1 H), 1.46 – 1.61 (m, 1 H). 
13C NMR (100 MHz, CDCl3) ! 213.7, 134.0, 132.4, 64.5, 50.4, 35.7, 
33.1, 29.1, 28.7, 28.4, 24.0  
IR (thin film, salt plate) 3035, 2927, 1776 cm-1. 
EI-HRMS (M)+ calculated for C11H14O 162.1045, found 162.1050. 
 
   
S5 
 
Agrees with characterization from earlier work in our group.5 
1H NMR (400 MHz, CDCl3) ! 3.45 – 3.41 (m, 1 H), 3.21 – 3.14 (ddd, J = 
3.6, 9.2, 18 Hz, 1 H), 2.80 – 2.76 (m, 1 H), 2.50 – 2.43 (ddd, J = 3.2, 4.8, 
18.0 Hz, 1 H), 2.33 – 2.30 (m, 1 H), 2.19 – 2.14 (m,1 H), 2.05 – 1.98 (m, 
2 H), 1.74 (s, 3 H), 1.70 (s, 3 H). 
13C NMR (100 MHz, CDCl3) ! 214.4, 126.8, 125.6, 57.9, 51.9, 34.2, 
29.5, 23.0, 20.9, 20.1. 
IR (thin film, salt plate) 2915, 2859, 2834, 1777, 1442, 1383, 1306, 
1271, 1220, 1199, 1180, 1128, 1095, 1081, 1026, 985 cm-1.  















Characterization agrees with literature.6 
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Characterization agrees with literature.7 
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Chapter 2.  Intramolecular Diels–Alder Reactions of Cycloalkenones1 
2.1 Introduction   
The Diels–Alder reaction is widely appreciated for its ability to generate cyclohexene 
rings with high regio- and stereoselectivity (3, Figure 1).2,3  As the diene 1 and dienophile 2 align 
for addition, up to four stereogenic centers begin forming at C1, C4, C5, and C6.  Stereochemistry 
is retained from 1 and 2 in the product 3; an observation that has been formalized in the cis 
principle,4 FMO theory,5 and the Woodward–Hoffman rules.6  When applicable, the relationship 
between these pairs of stereocenters, i.e. C1/C6 and C4/C5, reflect endo vs. exo modes of 
cycloaddition.  The origin of selectivity between these modes is under dispute.  Stacking endo 
orientation tends to be favored, and has long been rationalized by the stabilizing interaction of 
secondary orbitals between activating groups on 2 and the nonbonding orbitals of 1.  Recent 
theoretical analysis indicates that previously neglected closed-shell repulsions overwhelm 
secondary orbital effects,7 and that electrostatic interactions play the definitive role.8  Lewis acid 
catalysis is often employed to enhance endo selectivity. 
 
Figure 1.  Stereochemistry of the Diels–Alder reaction 
 
 
The same logic applies to intramolecular Diels–Alder (IMDA) reactions, where 1 and 2 
are tethered together.9  IMDA cycloaddition is facilitated by spacial proximity and reduced 
entropic penalty.  Where the dienophile is part of a ring, the Diels–Alder reaction’s suprafacial 
nature results in a cis AC junction (see 5 and 6, Figure 2).  In contrast, the stereochemical 
relationship of the AB junction is governed by endo or exo cycloaddition.  The tether can influence 





























Figure 2.  Cyclobutenone IMDA concept 
 
 
Following our intermolecular Diels–Alder studies on cyclobutenone,10 we wondered if an 
analogous IMDA substrate 4 could be made, where the B ring derives from a tether.  To our 
knowledge, there was no literature precedent.  In aiming to provide the first cases, we also sought 
to find if the highly endo-selective and reactive behavior of the parent compound would extend to 
a tethered variant.  Then IMDA reaction would give endo product 5 (Figure 2).  The AC junction 
will be cis, and the AB junction will be trans due to endo cycloaddition.  From here, the reactive C 
ring might be degraded or otherwise transformed to reveal a trans hydrindene junction. 
Another motivation was to explore the potential application of these structures.  While 
there are a handful of cyclobutanones and cyclobutenones found in nature (Figure 3),11 we 
anticipate this might be more useful for access to unnatural products, and as a synthetic tool.12   
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For example, substrate 4 (Figure 2) could be treated as an equivalent form of any IMDA 
cycloadduct that can be made from further transformation of its product, particularly deriving from  
the dienophilic C ring.  In this way cyclobutenone IMDA reaction could be utilized as a more 
reactive dienophilic equivalent to more common structural motifs, such as 2-cyclopentenone and 
!-butenolide.  Although useful theoretical synthons, these notoriously sluggish dienophiles do not 
often find intermolecular employment due to poor selectivity, harsh conditions required for 
reaction, and ease of polymerization upon exposure to Lewis acid.13-15 
Yet for some natural product classes, especially terpenes, a cycloenone IMDA reaction 
remains the most efficient route.  Two examples are shown in Figure 3.  In both cases, reaction 
requires prolonged heating at high temperatures, limiting the tolerance of functional groups.  
Activated dienes such as o-quinodimethanes also require harsh temperatures,16 while activation 
of the dienophile can allow a lowering of temperature.17  It would seem that improvements at the 
dienophile termini are more influential on reaction rate.  Development of cyclobutenone IMDA 
could broaden the IMDA approach by enabling cycloenone cycloaddition under milder conditions. 
 










































(B) Jauch route toward mniopetal F






As in the development of cyclobutenone Diels–Alder reactions,  we planned to compare 
results across a series of enones.  Larger cyclic enone substrates remain fairly unexplored as 
well.  In addition to the thermal reaction type shown in the previous figure, there are some cases 
built on special conditions.  One example is Grieco’s use of ionic liquids20 and Gassman-type 
cationic dienophiles in place of cycloalkenones (Figure 5).21  Here, exo addition is favored due to 
the destabilizing interaction of the diene and the drawn axial ! hydrogen in the endo transition 
state.  Cycloalkenone versions of substrates do not undergo the expected cycloaddition in these 
conditions. 
 
Figure 5.  Ionic liquid-accelerated IMDA of a cationic cyclohexenone20 
 
 
A final example of the existing state of cycloenone IMDA reactions concerns larger ring 
systems.  Like those discussed before, they are poor dienophiles.  Unlike previous examples, 
these rings are large enough for transient excitation of the cis enone to a highly strained and 
reactive trans geometry.  Irradiated cycloheptenone was the first such trans cycloenone to be 
trapped by a diene as an unusual trans cycloadduct.22  Later on, Rawal and Dorr extended this 
methodology to IMDA substrates (Figure 6, part A) and cyclooctenones.23  Trans cycloenones 
were found to be substantially more reactive than the cis form operative in thermal conditions 
(Figure 6, part B).  Intermolecular trans cycloenone IMDA has recently been used in synthetic 























Given the limited practical use of cycloalkenones despite their theoretical potential, our 
proposal would be an expansion of our cyclobutenone program, Diels–Alder logic, and the 

























2.2 Intramolecular Diels–Alder (IMDA) Substrate Design!
 To study IMDA reactions of cyclobutenone and other cycloalkenones, our first task was to 
make substrates for cycloaddition.  Each substrate would have a diene and dienophile fragment 
linked by a tether, as illustrated in Figure 7.   
   
Figure 7.  Representation of cycloalkenone IMDA substrate components 
 
 
 Systematic variance of these components would allow comparisons across a series.  To 
maximize the similarity of dienophiles ranging from n = 1–3, a tether could link the diene to the 
dienophile at C2 or C3.  The diene fragment could join the tether either at a termini, forming a 
Type I substrate, or at an internal position, forming a Type II substrate (Figure 8).25 
 
Figure 8.  IMDA substrate types 
                      
 
 With these structural characteristics in mind, we considered how to build a cyclobutenone 
substrate from the parent compound or another route.  As discussed in the prior chapter, several 
methods could be envisioned for the synthesis of substituted cyclobutenones.  Ideally, the diene, 
cycloalkenone, and linking tether fragments could be varied using a convergent synthetic route. 
 While cyclobutenone IMDA substrates were unprecedented, there were a few particularly 
helpful literature accounts.  Figure 9 details procedures by which 3-ethoxycyclobutenones 18 and 
21 are unraveled after addition of a Grignard or alkyl lithium reagent to the carbonyl group.  In 
contrast,  treatment of 18 with water, ethanol, or aniline gave ring-opened products of type 19. 
O




Type I Type II
51 
 
Figure 9.  Some relevant reactions of 3-ethoxy cyclobutenones26-28 
 
 
 To this end, both structures 18 and 21 were prepared from [2+2] cycloaddition of 
ethoxyacetylene and a ketene.  Ethoxyacetylene has been in use for making substituted 
cyclobutenones since 1960.29  While 18 came from ketene itself, 21 came from the more 
accessible chloroketene.  Chlorinated compound 22 requires a mild alkaline work-up, suggesting 
it may be more sensitive than those of deshalo type 20. 
 Similar chemistry has also been performed with squaric acid derivatives (Figure 10).30-32  
Squaric esters 23 can be transformed into derivatives 25 or 26.  Sequential nucleophilic addition 
can continue until the compound is exhausted of electrophilic centers. 
 
Figure 10.  Similar reactions of squaric acid derivatives 
 
 
 Inspired by these literature precedents, we decided to prepare a Type I substrate 
connecting a tether to the C3 position of the cycloalkenone.  This pattern would give a substrate 
of general structure 4 that could go on to cycloadduct 5, as shown in our general retrosynthetic 
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Figure 11.  General retrosynthesis for cyclobutenone substrates 4 
 
 
Working backwards from 4, a diene/tether fragment (27) could be lithiated and added to 
known compound 4-chloro-3-ethoxy cyclobutenone (21).  As 3-ethoxy cyclobutenones are more 
accessible with a 4-chlorine than without, we planned to use 21 and dechlorinate after reaching 
the skeleton of pre-IMDA substrate 4. 
To compare cyclobutenone’s IMDA reactivity to that of classical dienophiles, substrates 
with larger cycloalkenone rings were needed as well.  Larger substrates could also be prepared 
based on unraveling of vinylogous esters, as in Figure 12.33 
 
Figure 12. Vinylogous ester to enone in five-membered ring 
 
 
Yet vinylogous esters of cyclopentenone and cyclohexenone are much costlier than their parent 
enones.  It would be more economical to transform 28 to 30 another way or to make the 
substrates differently.  Larger substrates were thus planned to be made by 1,2-addition of 























2.3  Preparation of substrates 
The simple first diene/tether fragment 34 was synthesized while working with 
postdoctoral researcher Dr. Li (Figure 13).34  [3,3] Sigmatropic Johnson-Claisen rearrangement34 
of bis-allylic alcohol 31 with trimethyl orthoacetate furnished the required carbon skeleton.  Ester 
32 was reduced35 and converted to the target fragment 34.36  The last transformation could also 
be executed in two steps by sodium iodide displacement of the mesylate of 33.37 
 




 Another substrate system was envisioned with a pendant methyl on the diene moiety.  
This group could be used to generate more functionalized trans hydrindene cores if substrates 
could achieve high levels of endo selection. 
 As shown in Figure 14, alkyl iodide 39 was prepared to contain a methylated diene with 
another three methylene tether.  4-pentyn-1-ol (35) was protected with a tert-butyldimethylsilyl 
(TBS/TBDMS) group.  Following hydroboration with catecholborane,38 this material was directly 
used in a Suzuki cross-coupling reaction with trans-1-bromo-1-propene, to give diene 37.  Vinyl 
halides are known to retain olefin geometry upon oxidative addition to palladium(0) species,39 
thus ensuring uniform E,E diene configuration as desired.  Desilylation and iodination finished the 



























 To prepare larger cycloalkenone substrates, we executed the synthetic plan described 
earlier.  As shown in Figure 15, fragments 31 and 39 were lithiated, then added to cycloalkenones 
40 or 41 to form tertiary allylic alcohols of general form 42.  Pyridinium chlorochromate (PCC) 
was found to be an effective oxidant to convert these tertiary allylic alcohol to cycloalkenones 43–
46.  The use of PCC in oxidative transpositions was developed as a one-pot sequence soon after 
advent of the reagent.40  Oxidative transposition of tertiary allylic alcohols are generally thought to 
proceed through true sigmatropic rearrangement of a chromate ester intermediate.41  In acidic 
systems like PCC, this chromate ester may instead cleave to form an allylic cation.  The other 
termini of the allylic cation would be captured by a chromate species and oxidized to the enone. 
 
Figure 15.  Preparation of larger cycloalkenone substrates 43–46 
 
 
 The route toward cyclobutenone pre-IMDA substrates began with known compound 4-
chloro-3-ethoxycyclobutenone (21, Figure 16).27  Other halogenation patterns were explored for 
potential use, and will be described in the following chapter.  Compounds of type 21 were found 
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chloride or frozen in benzene.  We choose to use them when they were freshly synthesized.  As 
before, iodides 31 and 39 were lithiated and added to the dienophile source (21).  Compound 21 
was consumed within fifteen minutes at -78 oC; in comparison, this same addition took two hours 
and warming to 0 oC for larger cycloalkenone substrates. 
 




 From general intermediates 47–48 (Figure 16), the ethoxy group must expel the former 
carbonyl oxygen, thus unraveling the molecule to final substrates 49–50.  Unraveling does not 
occur thermally or under neutral conditions.  There are several methods for this type of hydrolysis 
in the literature: 
 
(1) Direct quench with 1 M hydrochloric acid,26 sometimes requiring vigorous shaking.28 
(2) Isolation of the quenched alcohol, followed by another treatment with trifluoroacetic 
anhydride, pyridine, and an acidic work-up.30 
(3) One-pot version of (2), where the anion is quenched with trifluoroacetic anhydride, 
then ammonium chloride at -78 oC.30  Combination hydrolysis was inspired by earlier 
alkaline hydrolyses of vinylogous hemiketals.42 
(4) Stoichiometric BF3·OEt2.31 
 
Conditions (1) through (3) were unreliable in our hands, sometimes returning variable mixtures of 
quenched intermediate and unraveled product.  Trace Lewis acid effectively unraveled any 






























2.4  Reductive dechlorination 
 
Recall that we chose to use halogenated cyclobutenones in the preparation of substrates 
in order to avoid the use of ketene or the parent cyclobutenone.  Now it was time to pay the trade-
off for this convenience.  The chlorines of 49–50 had to be removed to obtain the goal substrates 
51–52 (Figure 17). 
 




Reductive dehalogenation ! to a ketone has been known for many years.  Classical 
conditions call for treatment with zinc in acetic acid.43  This reaction is thought to proceed via a 
zinc enolate at the halogen-bearing carbon followed by protonolysis, or electrophile capture in 
aprotic solvents.44  While classical conditions work well on halogenated cyclobutanones,45 they 
are not obviously operable on cyclobutenones like 49–50. 
The rate-determining step of zinc insertion is considered to be one-electron transfer from 
the metal surface to the organic substrate.46  Upon formation of full enolates of 49–50, the 
resulting species would seem to satisfy the criterion of antiaromaticity.  That is, destabilizing 
resonance from the sharing of four " electrons across a planar ring of conjugated p-orbitals.  The 
neutral enol of cyclobutenone is predicted to already be 35.3 kcal/mol more disfavored than that 
of cyclobutanone.47  Cyclobutenone enolate is predicted to carry only 10–15% of the added 
negative charge at the carbonyl oxygen, and so may have substantially more strain, perhaps 
developing antiaromatic character.   
Similar antiaromatic substrates have been transiently made under special conditions 
(Figure 18).48  In this example, Snapper and coworkers oxidatively removed stabilizing iron 
















shown in brackets are highly reactive, generating [4+2] and [2+2] cycloadducts after just fifteen 
minutes exposure to oxidant.  Longer tethers (n = 2) were found to favor [4+2] IMDA 
cycloaddition, while shorter tethers (n = 1) gave variable mixtures of products depending on 
substituents.  [2+2] Products only formed at the spatially closer olefin. 
 
Figure 18.  Snapper intramolecular [4+2] and [2+2] cyclobutadiene cycloadditions48 
 
 
Based on this account, one might predict that dechlorination of 49–50 would either 
destroy the compound, or else react immediately to alleviate the burden of antiaromaticity. Yet 
the target transformation can be performed in reasonable yield, under mild conditions, and 
without cycloaddition-type byproducts (Figure 19). 
 
Figure 19.  Reductive dechlorination of cyclobutenone substrates 49–50   
 
 
The ease of reaction suggests that antiaromatic character does not develop, and thus 
that the classical mechanism is not operative.  A question then arises: what is the mechanism of 
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No mechanism is definitively supported or agreed upon at this time.  Yet literature reports 
chronicling the debates around this type of transformation provide clues to the process.  There 
are several accounts of dechlorination of 4,4-dichlorocyclobutenones.  These should go through 
the same mechanism of dechlorination as our monohalogenated variants.  
 The earliest report of reductive dechlorination of 4,4-dichlorocyclobutenones was carried 
out under classical zinc and acetic acid conditions.49  Following papers revealed that only enough 
material was produced to characterize the products, and that substantial amounts of vinyl 
monochlorides were formed.50  These common contaminants were automatically attributed to 
cine rearrangement (i.e. rearrangement of the chlorines from a 4,4- to 2,4- relationship).  Other 
reagents were tested for dechlorination.  Tributyltin hydride was ineffective, and chromium(II) 
chloride functioned similarly to zinc for unhindered substrates.51 
 The need for a general and improved procedure was answered in the form of a tertiary 
amine additive and alcoholic solvent.  When these modifications were made to classical zinc and 
acetic acid conditions, high conversions were achieved, and vinyl chlorides were only observed 
when C3 was substituted with a tertiary butyl group.52,53 
 This improvement also broadened the scope of dehalogenation to include 2,3-dialkyl 
cyclobutenones, the first substrates without alkyl symmetry across the C1-C4 cyclobutenone axis.  
Upon subjection to modified conditions, substrates like 56 produced an unexpected result, giving 
a 1:1 mixture of 57 and isomer 58 (Figure 20).52  The olefin of 58 could be isomerized to the more 
substituted position found in 57 by resubjection to the modified conditions, but not by acetic acid 
alone.  In all cases, the olefin ended up in the most substituted, and presumably most stable 
position.  This would correspond to a vinyl chloride in the earlier examples.  Several ideas were 
proposed to account for how tertiary amine and alcohol additives were able to allow the 
dechlorination process, suppress the presence of vinyl chlorides or cine rearrangement, 






Figure 20.  Isomerized products observed 
 
 
 There are two main ideas running through proposed explanations for the success of the 
modified protocol.  An idea led by Danheiser theorizes that the oxidative addition of substrate to 
zinc occurs without a change in hybridization state, with or without additives.52  This intermediate 
could then be protonated at an allylic termini, generating halfway reduced products with either an 
allylic or nonproductive vinyl chloride remaining.  In the same manner the second reduction could 
give the expected product along with its isomer.  Isomeric pairs could be interconverted through 
the deconjugated !,"-isomer.  This idea was disproven by experiments with C3 t-butyl group.  An 
idea that is more reasonable with this hindered case is isomerization by Michael addition-
elimination of the additives at C3.  This is difficult, but not impossible to do at a neopentyl center. 
 Supporting this hybridization-based idea is the observation that slowly reacting 
electrophiles can be captured in # halogen zinc reductions, even in the presence of water.  
Stabilized or not, any such organometallic is expected to be quenched by water.54  There is some 
debate over whether a true organometallic forms with zinc in these reactions with any kind of 
substrate.  Yet this idea does not account for the significant effects of additives. 
Drieding published a similarly improved dehalogenation procedure in the same year.50  
Like Danheiser, Drieding also observed significant cine rearrangement during preparation and 
dechlorination of 4,4-dichlorocyclobutenone substrates, which required tedious separations and 
eroded material supplies.  While studying how to suppress this process, it was surprisingly found 
that these rearranged substrates smoothly dechlorinated under the new reaction conditions. 
Recognizing the potential significance, the authors attempted to deuterated a substituted 
























observed when 59 was treated with the strong base lithium diisopropyl amide (LDA) and then 
deuterium oxide.  Only 26% of starting material was recovered, suggesting great resistance to 
deprotonation.  Yet the lack of mass balance suggests that the rest of the material decomposed, 
otherwise reacted, or was destroyed before it could be deuterated.  This experiment leaves us 
with more questions than answers. 
In contrast, deuterium was easily incorporated in the presence of deuterated acetic acid 
and pyridine, mimicking the modified dehalogenation protocol, to give 60 under ambient 
conditions.  60 could be exchanged back to 59 by swapping to non-deuterated acetic acid and 
pyridine.  Thus, the protons or deuteriums come from solvent, and exchange is not a function of 
direct acid-base relationships.  The authors proposed that pyridine or acetic acid adds to the 
cyclobutenone in Michael fashion, and that this intermediate may be what is actually reduced 
before elimination to reform a cyclobutenone.  If such Michael intermediates are involved, they 
are formed transiently, and are not obviously observable. 
    




Earlier, we had repeated the experiments from Figure 21 on cyclobutenone itself, 
observing the same results.  To summarize:  
 
(1) Direct deprotonation attempts with KHMDS in THF-d8 returned no material confirming 
enolate formation, with or without an electrophile trap present. 
(2) We saw the same results in an analogous conversion of 59 to 60.  Without base, 
stable Michael adducts were readily formed with acetic acid, methanol, and water. 
(3) Cyclopentenone was also readily deuterated at C2 under the same conditions.  This 
suggests that at least this deuteration may be occurring through a Michael addition-

















(4) No Michael intermediates were isolated or observed in NMR experiments. 
 
With these compiled reports and our own exploration, there are a few points to consider 
about dehalogenation and isomerization.  The reaction is facilitated by tertiary amines and 
alcoholic solvents, where zinc and acetic acid are the active agents.  Also, recall that 
chromium(II) chloride dechlorinates these substrates, but tributyltin hydride and traditional zinc 
conditions failed or were generally poor.  We also found that 3-ethoxy-4-chlorocyclobutenone 
could not be dechlorinated under traditional or modified zinc conditions. 
The successful reactions have some things in common.  First, all substrates that can be 
dehalogenated have a 3-alkyl substituent and are electrophilic at C3.  Second, all of the 
successful procedures have solvents or other species that can participate as donors without 
breaking the sensitive cyclobutenone ring (refer back to Figure 9).  Without the additives of 
tertiary amine and alcohol solvent, acetic acid alone could function as a temporary donor to a 
lesser extent, accounting for lower yields and isolation of intermediate compounds, while 
chromium(II) reduction is performed in the presence of water.51  Perhaps tributyl tin hydride fails 
because it allows no way around generating an antiaromatic-like species.  Due to the relative 
ease of reducing halogenated cyclobutanones and the collected experiments discussed, the 
proposal of Drieding seems most reasonable. 
As seen in our system (Figure 22), this mechanism involves some species R reversibly 
adding to halogenated substrate 49, which is facilitated by the presence of a tertiary amine like 
N,N,N’,N’-tetramethylethylenediamine (TMEDA).  We propose that acetic acid (AcOH), methanol 
(MeOH), and any free chloride ions could also act as donors, expanding the Drieding hypothesis.  
The tertiary amine could also facilitate elimination of this fleeting Michael adduct to return to or 
interconvert 49 or iso-49, or the symmetric final product 51. 
Like most enones, substrate 49 is expected to be a Michael acceptor.  As a Michael 
adduct intermediate has not been observed by others or in our case, the donor R likely eliminates 
at a faster rate than it adds, if this mechanism is indeed in effect.  From our earlier work with 
cyclobutenone, we expect that having a substituent at C3 forces the newly added R group to 
eliminate.  Thus, the strain of a 3-substituted cyclobutenone probably lies somewhere between 
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the strain of a 3-substituted cyclobutanone and a 3,3-disubstituted cyclobutanone.  Were there no 
preexisting substituent at C3, we would thus expect the dehalogenated product 51 to still have the 
R group if it were not charged.  Such an experiment might be a worthwhile test in the future.   
This proposed cyclobutanone intermediate is then what is reduced, thus removing the 
possibility of antiaromatic character from a direct reduction.  This idea also explains why zinc in 
acetic acid can give some product in some cases, while the addition of a tertiary amine and 
alcoholic solvent makes the reaction milder and more reliable.  Here, the additives aid the 
formation of the cyclobutanone intermediate, which is the actively reduced species.  Acetic acid 
itself can function in this role, but not as well as it can with a tertiary amine and alcoholic solvent 
present. 
During the project, some isomerized substrate of the form iso-49 was recovered in one 
case where insufficiently activated zinc was used.  As the iso-49 form is expected to be more 
thermodynamically stable than 49, it is not surprising that no material of the form 49 was 
recovered alongside it.  The brominated version of 49 could also be dehalogenated to substrate 
51 under the same conditions. 
 


















2.5  Lewis acid catalyzed IMDA reactions of cycloalkenones 
 
Our attention turned to the development of Lewis acid catalyzed conditions for IMDA 
cycloaddition.  Lewis acids can further polarize a dienophile, ideally increasing dienophilic 
selectivity and reaction rate in return.  These benefits are often undercut to varying extents by 
diene polymerization.  Milder Lewis acids tend to be chosen to balance these effects.55 
There have been examples of Lewis acid catalyzed IMDA reactions in the literature for 
some time.  A representative case is detailed in Figure 23, where dimethylaluminum chloride was 
used to cyclize substrate 52 to form the indicated rings of (+)-lepicidin.56  A single diastereomer 
53 was formed from the use of a chiral oxazolidinone auxiliary (XP) and Lewis acid catalysis.  
Thermal conditions would not have afforded the same results. 
 
Figure 23.  Evans use of catalyzed IMDA in total synthesis  
 
 
In contrast, to the best of our knowledge there are few accounts of Lewis acid catalysis in 
cycloalkenone Diels–Alder reactions, and only a handful of special cases in IMDA versions.20,21  
As common structural motifs, cycloalkenones could be strategically useful dienophiles if they 
could be made experimentally practical under Lewis acid catalysis.  Thus, as we sought to 
compare cyclobutenone IMDA to that of larger cycloalkenones, we set out to develop catalyzed 
conditions that could be compared across the series. 
Lewis acid screening results are detailed in Table 1.  As with the parent cyclobutenone, 







































However, this condition did not extend to larger cycloalkenone substrates (entry 1, entry 2).  
Parallel reaction conditions were needed to evaluate results across the substrate series, and so a 
screen began using substrate 43 as a model for the larger cycloalkenone substrates. 
A survey of typical IMDA catalysts and conditions followed.  While diethylaluminum 
chloride gave no reaction (entry 4), the stronger methylaluminum dichloride decomposed the 
substrate over a day (entry 5).  Accordingly, europium tris[3-heptafluoropropylhydroxy-methylene-
(+)-camphorate] (Eu(hfc)3) was tested (entry 7).  Lanthanide shift reagents such as this are 
known to promote reaction with less impact on acid-sensitive or otherwise reactive dienes than 
other Lewis acids.57  Again, only slow decomposition was observed.  Highly bulky Lewis acids 
methylaluminium bis(2,6-di-tert-butyl-4-methylphenoxide) (MAD) and aluminium tris(2,6-di- 
phenylphenoxide) (ATPH)58 were prepared, and both gave no reaction (not shown in table). 
A breakthrough came in an NMR experiment using boron trifluoride etherate (entry 9), 
where 15% of endo-54 was isolated among decomposed substrate.  Two conclusions could be 
drawn from this result.  One, that there was potential for balance between no reaction and total 
decomposition.  Two, that optimization required softer conditions. 
Literature studies of intermolecular Diels–Alder reactions of cycloalkenones have shown 
complexation to be a key step.57  Furthermore, substoichiometric amounts of certain Lewis acids 
produce more IMDA product than stoichiometric amounts in the presence of a sensitive furan 
diene.59  This reasoning can be extended to our sensitive terminal diene.  The equilibrium of 
Lewis acid complexation depends on the relative coordination strength of the Lewis acid to 
unreacted substrate and to product.  If coordination were stronger to the product, one equivalent 
or more of Lewis acid will be needed.  If activating coordination were stronger to the starting 
material, then catalytic Lewis acid can be more productive than stoichiometric amounts.  By 
exploiting the Lewis acid’s preference to coordinate to an unreacted dienophile instead of 
maintaining complexation with newly formed product, catalytic quantities thus drive the reaction to 
product.  Stoichiometric amounts of the same acid can get caught in a saturated complexation 
equilibrium between starting substrate and product, resulting in a lower level of conversion. 
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An NMR experiment was performed to test this idea (entry 10).  Substoichiometric boron 
trifluoride etherate was found to polarize the dienophile portion of 43 while leaving the diene intact 
at ambient temperature.  Conditions were rapidly optimized from this point.  Heating substrate 43 
to 45 oC with 0.2 equivalents of boron trifluoride etherate gave 15% endo-54 along with cleanly 
recovered substrate 43 (entry 11).  A scout reaction at 120 oC returned endo-54 product and fairly 
stable substrate 43 (entry 12); eventually, appreciable amounts of a minor compound formed 
(entry 14), which is presumed to be exo-55.  A control test was also run to confirm that there was 
not thermal IMDA contribution at this temperature (entry 13). 
 
Table 1.  Screen toward generally applicable Lewis acid catalyzed IMDA conditions 
 
Entry Lewis Acid  Conditions Result (endo:exo)a,b 
     
1 1.0 equiv ZnCl2     0 oC to rt, 0.1 M CDCl3, time NR over up to 3 d 
2 1.0 equiv ZnCl2   45 oC, 0.1 M CDCl3, 20 hr Decomposition 
3 1.5 equiv Et2AlCl  -78 oC to rt, 0.1 M CH2Cl2, 24 hr NR 
4 1.5 equiv Et2AlCl     0 oC to 45 oC, 0.1 M toluene, 24 hr NR 
5 1.0 equiv MeAlCl2     0 oC to 45 oC, 0.1 M toluene, 24 hr Decomposition 
6 1.5 equiv Bi(OTf)3     0 oC to rt, 0.1 M CH2Cl2, 12 hr Decomposition 
7 1.0 equiv Eu(hfc)3     0 oC to rt, 0.1 M CDCl3, 24 hr Decomposition 
8 1.2 equiv BF3·OEt2     0 oC, 0.05 M CF3CH2OH, 2 hr Decomposition 
9 1.5 equiv BF3·OEt2     0 oC, 0.1 M CDCl3, 24 hr 15% (only endo seen) 
10 0.2 equiv BF3·OEt2     0 oC to rt, 0.1 M CDCl3, 24 hr NR (see complexation) 
11 0.2 equiv BF3·OEt2   45 oC, 0.1 M CDCl3, 24 hr 15% (only endo seen) 
12 0.2 equiv BF3·OEt2 120 oC, 0.3 M xylenes, 3.5 hr 39% (only endo seen) 
13 None (control) 120 oC, 0.3 M xylenes, 3.5 hr NR 
14 0.2 equiv BF3·OEt2 120 oC, 0.3 M xylenes, 12 hr 67% (15.4:1) 
    
a Isolated yield. 
b Endo:exo ratio determined by 1H NMR integration, if exo form was observed. 
 
 
Conditions for all larger substrates were finalized based on this working lead (Table 2).  
When the lead conditions were applied to cyclohexenone substrate 45, only 31% of product was 
obtained, and it was in a 6.8:1 endo/exo ratio.  Reaction temperature was lowered to improve 














boiling xylenes were no longer needed, and the reactions were diluted for practical ease.  
Refluxing substrates in toluene for twenty-four hours proved to be just right for this desmethyl 
pair, resulting in good yields of endo material for both substrates (entry 3, entry 4). 
 Applied to the methylated system 46 and 44, these conditions returned material with 
significant exo product.  Resubjection of the mixtures did not change the ratio of endo and exo 
addition products.  This result showed that reaction conditions were too harsh in the initial 
formation of products to allow for endo selectivity, and that the resulting isomer ratio was likely 
not influenced by cycloreversion or other post-reaction processes.  The pendant methyl group 
apparently enhances diene reactivity past the limit needed to balance with endo selectivity. 
Lowering temperatures by 20 oC improved the selectivity of cycloaddition dramatically, as 
desired endo compound was obtained as the only observable product by NMR spectroscopy 
(entry 5, entry 6).  
 
Table 2.  Lewis acid catalyzed IMDA of larger substrates 
 
 
Entry Substrate    Conditions endo exo Yielda endo:exob 
 No n R       
          
1 43 1 H  120 oC, 12 hr, 0.3 M xylenes 54 55 67% 15.4:1  
2 45 2 H  120 oC, 12 hr, 0.3 M xylenes 58 59 31% 6.8:1  
3 43 1 H  110 oC, 24 hr, 0.05 M toluene  54 55 88%   
4 45 2 H  110 oC, 24 hr, 0.05 M toluene  58 59 69%   
5 44 1 Me  090 oC, 24 hr, 0.05 M toluene  56 57 81%   
6 46 2 Me  090 oC, 24 hr, 0.05 M toluene  60 61 67%   
          
a Isolated yield. 
b Endo:exo ratio determined by 1H NMR integration, if exo form was observed. 
 
  
 This set of conditions was applied to cyclobutenone substrates for temperature and time 
screening (Table 3).  Substoichiometric boron trifluoride etherate was found to be more effective 
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cyclobutenone Diels–Alder reactions earlier.  An initial temperature screen using boron trifluoride 
etherate showed some conversion of 51 to 62 between -78 oC and 0 oC, importantly leaving 51 
recoverable (entry 1).  Knowing temperature could be warmed at least to 0 oC, a reaction was set 
from this temperature and allowed to warm over time.  It was reproducibly observed that a single 
product, endo-62, was obtained in good yield over 5.5 hours (entry 2, entry 3). 
 Methyl substrate 52 was treated under these optimized conditions.  Again, a single endo 
product was obtained in good yield (63, entry 4).  Perhaps the more thermodynamically stable 
internal diene is less subject to decomposition, and so can react as planned with less loss of 
material.  It seems that the yield from cyclobutenone products is lowered slightly because of their 
volatility and instability, rather than a lack of conversion. 
 
Table 3.  Lewis acid catalyzed IMDA optimization on cyclobutenone substrate 
 
 
Entry     Conditions Yielda 
   
1    -78 oC to 0 oC, 4 hr, 0.05 M toluene 30% 
2       0 oC to rt, 5.5 hr, 0.05 M toluene 82% 
3       0 oC to rt, 5.5 hr, 0.05 M toluene 86% 
4       0 oC to rt, 5.5 hr, 0.05 M toluene 92% 
   
a Isolated yield.  
 
The developed reaction conditions allow endo-selective IMDA reactions across two diene 
and three dienophile components.  Cyclobutenone substrates react under mild conditions; our 





















2.6 Thermal IMDA reactions of cycloalkenones 
In the decades since the IMDA reaction was first developed, thermal conditions have 
remained dominant in the cases of cyclic enones.  An early example from Brieger60 does not look 
outdated by more recent examples such as Jauch’s application thirty-seven years later (Figure 
24).61  Despite room for scope expansion and improvements, the IMDA reaction is still often used 
in modern times as it was in its infancy. 
 
Figure 24.  Thermal IMDA examples over time 
 
 
To gauge the properties of cyclobutenone substrates and larger counterparts, thermal 
IMDA conditions were also screened (Table 4).  Cyclobutenone substrate 51 was found to be 
remarkably endo-selective, giving single product endo-62 as confirmed by NOE and X-ray 
crystallographic analysis.  The majority of material decomposed, however, resulting in poor 
yields.  Both substrate 51 and product endo-62 were stable at ambient temperature in mesitylene 
and deuterated chloroform solvents (entry 2).  The cycloadduct was also stable to heat; substrate 
51 was found to be thermally unstable, most likely degrading through an electrocyclic ring 

















































no product in mesitylene solvent (entry 3), but allowed the recovery of 34% of substrate 51.  In 
deuterated chloroform solvent, 20% of endo-62 could be isolated (entry 4).  Raising the 
temperature to 55 oC resulted in 35% endo-62 product.   
Methylated substrate 52 was then subjected to the conditions from entry 5.  Higher yields 
were obtained, although still impractically low (entry 6).  Presumably, the increased electron 
density pushing into the diene both stabilizes the substrate, and facilitates IMDA reaction.  
 
Table 4.  Cyclobutenone thermal IMDA study 
 
 
Entry Substrate Conditions Yielda  
    
1 51 70 oC, 41 hr, 0.6 M CDCl3 18% 
2 51 23 oC, 72 hr, 0.2 M mesitylene or CDCl3 NR (control test)  
3 51 45 oC, 72 hr, 0.2 M mesitylene 0% (recover 34% 35) 
4 51 45 oC, 72 hr, 0.2 M CDCl3 20% 
5 51 55 oC, 40 hr, 0.2 M CDCl3 35% 
6 52 55 oC, 40 hr, 0.2 M CDCl3 54% 
    
a Isolated yield. 
  
The potential thermal reactivity of cyclobutenone substrates are largely overpowered by 
their instability above ambient temperatures.  It would be difficult to measure relative reactivity to 
other substrates this way, and the low conversions were not practical enough to continue thermal 
optimization for this purpose.  Microwave conditions may be helpful in the latter regard.  The main 
























 Larger enones are more hardy than cyclobutenone.  Thermal IMDA conditions were thus 
screened at elevated temperatures.  No reaction was observed upon heating of substrates 43–46 
for a week at 70 oC; reaction was only observed when substrates were heated at 180 oC or 
higher.  While these reactions were performed in sealed tubes, slow discoloration suggested 
interference by oxygen over extended reaction times.  Addition of substoichiometric 2,6-bis(1,1-
dimethylethyl)-4-methylphenol (butylated hydroxytoluene, BHT) resulted in cleaner products.  
BHT is an antioxidant used in consumer goods.62  It has also found laboratory use as a radical 
inhibitor by the same radical-stabilizing mechanism. 
 Optimized results are reported in Table 5.  Unlike cyclobutenone cases, these larger 
substrates returned mixtures with substantial exo product.  Upon resubjection of product mixtures 
to reaction conditions, all material was recovered in the same ratio.  This result indicates that 
decomposition comes from the substrate, and that cycloreversion was not in effect.  Comparable 
yields and endo:exo ratios were observed for all substrates 43–46, again supporting a larger 
break between cyclobutenone and cyclopentenone, than cyclopentenone to cyclohexenone. 
 




Entry Substrate    Conditions endo exo Yielda endo:exob 
 No n R       
          
1 43 1 H 200 oC, 12 hr, 0.2 equiv BHT 54 55 80% 3.7:1  
2 45 2 H 200 oC, 12 hr, 0.2 equiv BHT 58 59 59% 2.8:1  
3 44 1 Me 200 oC, 12 hr, 0.2 equiv BHT 56 57 82% 3.6:1  
4 46 2 Me 200 oC, 12 hr, 0.2 equiv BHT 60 61 62% 2.4:1  
          
a Isolated yield. 
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2.7  A longer tether 
 As the cyclobutenone IMDA concept was being demonstrated in the first series, another 
substrate system was designed with a longer tether (Figure 25).  Compounds 68–70 would in 
theory form a six-membered B ring in the cycloadducts endo-71 and exo-72. 
 
Figure 25.  Proposed series with longer tether 
 
 
 An iodide fragment leading to these substrates was prepared as shown in Figure 26.  
Catalytic trimethylsilyl trifluoromethanesulfonate (TMSOTf) activated 2-methoxytetrahydropyran 
73 for allylation to give 74.63  !-Elimination of this homoallylic ether gave alcohol 75, which was 
converted to iodide 76.  A series of cycloalkenone IMDA substrates of the form 68–70 (Figure 25) 
were made from iodide 76 in analogous fashion to earlier substrates.   
 




 !-Elimination of 74 to 75 merits further discussion.  This deprotonation was accomplished 
with a superbase, LIDAKOR, so named to indicate it is a mixture of lithium diisopropylamide 
(LDA, or LIDA) and potassium tert-butoxide (KOR for a potassium alkoxide).64,65  Deprotonation 
of a weakly acidic allyl position was facilitated by the push-pull nature of LIDAKOR (Figure 27).  
Potassium ion enhances the basicity of the active base, diisopropyl amine anion, while lithium ion 






























amount of potassium alkoxide was used.  If more than 5-10 mol % of potassium tert-butoxide was 
mixed in, diene alcohol 75 underwent substantial decomposition.  LIDAKOR !-eliminations are 
thought to go through a concerted syn-periplanar transition state. 
 
Figure 27.  Proposed major transition state in LIDAKOR !-elimination of 74 














2.8 Tandem diene migration in IMDA reactions 
 Substrate 69 was prepared and treated under the same thermal reaction conditions as 
earlier analogs.  Surprisingly, no expected product of the form 71 was isolated.  Instead we 
observed the previously described methylated cycloadducts of the form 56 and 57 (Figure 28).  
The major product, endo-56, seemed to come from endo IMDA of an internal E,E diene, instead 
of the terminal diene of substrate 69.  As in all other cases, any cycloaddition products eluted 
together.  Multiple minor products could be seen.  The predominate minor species matched exo-
57.  Other compounds may come from cycloaddition of non-E,E diene geometries. 
 




 Tandem diene migration-IMDA has been observed before.  When it occurs, it is usually 
in cases of strongly disfavored diene fragments.  An interesting example comes from the Martin 
group’s studies toward manzamine (Table 6).66  When substrate 72 was treated under standard 
thermal IMDA conditions (entry 1), expected cycloadduct endo-73 accounted for only a third of 
isolated material.  Some endo-74 resulted from the geometrical E isomer of hindered substrate 
72.  As E and Z forms of the diene were found to equilibrate slowly, this is not surprising as the E 
geometry would be a less hindered and more reactive substrate.  The major product 75 seemed 
to come from a migrated form of substrate 72.  No such intermediate was detected.  Product 75 
was isolated as a 3:1 diastereomeric mixture of unassigned stereochemistry. 
 Treatment of 72 with Lewis acid (entry 2) did not produce migrated compound 75.  






























lesser transference of E diene leading to less endo-74 may be rationalized by this IMDA reaction 
being more a competitive process under catalysis. 
 
Table 6.  Martin example of tandem diene migration-IMDA 
 
Entry Conditions Yield Product Ratio 
   endo-73 endo-74 75 
       
1 165 oC 70% 4 1 7 (3:1)a 
2 1.5 equiv Et2AlCl, 110 oC 83% 8 1 0 
      
a Unassigned diastereomeric mixture 
 
Accordingly, we wondered if Lewis acid catalysis would “correct” our unexpected thermal 
results and give a non-migrated cycloadduct.  Table 7 summarizes IMDA reaction results of 
cyclopentenone and cyclohexenone substrates 69 and 70. 
Regardless of condition, these substrates only gave contracted IMDA products.  If formed 
by a true IMDA reaction, the diene portion must have gone through a migration to some isomeric 
forms of 44 or 46 as shown in brackets, whether by a concerted or stepwise process.  As in the 
Martin case, no altered substrate was recovered or observed.  Thermal conditions produced 
tandem migration-IMDA products in unexpectedly poor yield and selectivity, presumably due to 
the need for two processes to obtain a cycloadduct product compared to many possibilities for 
decomposition.  Lewis acid catalysis also gave modest yields, but selectively produced one form 
of endo-56 or endo-60 to the exclusion of others seen under thermal conditions (entry 1, entry 2).  
The sole product from catalysis conditions matched the major product from thermal conditions.  In 
theory this would come from a migrated and E,E-isomerized diene fragment.  Terminal dienes, 
while anticipated to be sensitive, can undergo IMDA reactions without migration or E/Z 



































Table 7.  IMDA summary of larger cycloenone substrates undergoing tandem migration 
 
 
Entry Lewis Acid/Additive Conditions Yielda (EE endo:other)b 
n = 1                           n = 2 
      
1 0.2 equiv BF3·OEt2 100 oC, 65 hr, 0.05 M toluene 48% - 
2 0.2 equiv BF3·OEt2 110 oC, 24 hr, 0.05 M toluene 24% 32% 
3 0.2 equiv BHT 200 oC, 12 hr, 0.2 M mesitylene 68% (2.5:1) 20% (2.3:1) 
     
a Isolated yield. 
b Endo:other ratio determined by 1H NMR integration, if mixture was observed. 
 
 
Yet direct IMDA reaction is not observed in our longer tether series.  Here, the intended 
IMDA reaction is slower than diene migration and isomerization, which is in turn slower than 
productive IMDA reaction through the substrate shown in brackets.  These substrates are more 
electronically rich and tether the reactive components closer together.  Once migrated, the 
greater reactivity of E dienes ensures their dominance over Z forms in cycloaddition rate.   
E/Z equilibration of migrated 69–70 must be fast enough or unequal enough for diene 
migrated species to accumulate as the major or sole product.  Lewis acid catalysis may facilitate 
the operative diene alternation process, or simply accelerate IMDA of altered substrates. 
Cyclobutenone substrate 68 was examined next, in hopes that its anticipated greater 
dienophilicity could overpower migration and isomerization (Table 8).  Yet regardless of reaction 
condition, only tandem migration product endo-62 was isolated.  This observation is notable given 
that 68 could produce endo and exo products from six possible diene geometries in theory. 
Under Lewis acid catalysis (entry 1, entry 2), 62 was isolated in reduced yields 
compared to the reaction starting with 51.  Some unchanged substrate 68 was recovered to make 
up the mass balance.  Thermal conditions returned mostly decomposed material and only 13% of 




































Table 8.  IMDA summary of cyclobutenone substrate 68 
 
Entry Lewis Acid Conditions Yielda 
     
1 1.2 equiv ZnCl2 23 oC, 14 hr, 0.2 M CDCl3 53% 
2 0.2 equiv BF3·OEt2   0 oC to rt, 30 hr, 0.05 M toluene 22% 
3  - 50 oC, 76 hr, 0.2 M CDCl3 13% 
    
a Isolated yield. 
 
Tandem migration seems to be unavoidable in our substrates.  While too low yielding for 
practical pursuit, this unexpected result adds to our knowledge of the limits of cycloalkenone 
IMDA reactions.  Our interest at this junction was academic.  After all, the same terminal diene 
format had successfully given IMDA products when connected to the dienophile by three 
methylene groups.  Presumably the mechanism of diene migration is equally possible with three 
or four methylenes in the tether.  This apparent discrepancy suggests that the rate of IMDA 
cycloaddition is dramatically reduced by extending the tether by one carbon unit. 
It is notable that similar !-tethered IMDA substrates in the literature contain a group 
blocking diene migration toward the dienophile.  Several examples come from syntheses toward 
the sesquiterpenoid mniopetal family (Figure 29).14,19,67  Whether by chance or design, synthetic 
preparations have gone through butenolide IMDA of general substrate 76, also !"tethered at the 
dienophile, whereby a geminal dimethyl group prevents the diene migration that we see.  The six-
membered B ring and dimethyl moiety arise from isoprene units biosynthetically.  Terpenoid 
syntheses are often a demonstration of the prominence of Diels–Alder chemistry in abiotic 
























 Related !-tethered substrates have been known to give tandem diene migration products 
in the literature.  Previously-discussed 78 decomposed upon exposure to Lewis acid, but gave 
exo-79 by treatment with protic acid in ionic liquid (Figure 30).20  The authors proposed acid-
catalyzed migration to a productive substrate, an ionic process perhaps stabilized by ionic liquid. 
 




Such an acid-catalyzed process might explain observations of tandem migration upon 
subjection to boron trifluoride etherate.  Yet exclusively tandem migration products were also 
seen from thermal conditions.  It seems more likely then, that thermal or acid-catalyzed conditions 
contribute to a different mechanism.  We propose a [1,5] hydride shift among a series of E/Z 
isomerizations within fragment 80 to eventually give the more stable 83 (Figure 31).  Reversible 
E/Z isomerization can be promoted by light, heat, or acid.  Protection from light did not change 
our outcome, suggesting that photochemical excitation is not a major contributor to allow 
relaxation to the E or Z ground state.  Lewis acid is selective not only for endo IMDA, but also for 
the reaction of E,E-83 over other forms 80–82.  As no altered substrate is detected, this 































of migration-isomerization, and for direct IMDA of 80 to be so much slow that it does not compete 
with either process. 
 




 Sigmatropic hydride shifts are usually only seen in systems heated above 200 oC,69 with 
few examples catalyzed by Lewis acid under milder temperatures.  Often the latter cases involve 
delivery of hydride to fully formed cations.70,71  A literature example of a [1,5] hydride shift during 
an IMDA reaction is shown in Figure 37.72  Original substrate 84 is subject to competition of direct 
IMDA cycloaddition to 86, and equilibration with substrate 85.  The latter goes on 87, which can 
also epimerize to 88.  Migrated substrate 85 likely has a less strained and more electronically 
favorable transition state towards transannular IMDA. 
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 Another thermal example comes from the Ghosh group’s work toward platensimycin 
(Figure 38).73  Heating substrate 89 resulted in poor yields of direct adduct 90, and gave slightly 
more tandem migration adduct 92 (Figure 33, part A).  The latter was proposed to come from pre-
IMDA substrate 91, which could have been formed by a thermally induced [1,5] hydride shift of 
original substrate 89.  Catalysis or altered conditions did not improve yield or products ratio.   
 The authors then added a terminal diene methoxy in a second-generation approach.  
Substitution fortified the diene’s electronic density for reactivity, and hindered a potential hydride 
shift (Figure 33, part B).  The dienophile was also changed to an !,"-unsaturated ester.  Upon 
heating at 270 oC, new substrate 93 gave 36% of direct IMDA adduct 94.  Tandem diene 
migration was suppressed even at this higher reaction temperature.  The yield was raised to 44% 
upon recycling of recovered starting material. Based on this account, a follow up study of our 
substrates might incorporate an electron-donating substituent at C1 of the diene fragment. 
 















































 Mechanistically, a discrete [1,5]-hydride shift combined with E/Z isomerization could 
explain the origin of unexpected products.  To our knowledge there are not reported tandem 
migration IMDA reactions in which migrated substrates are recovered.  At this point it is neither 
proven nor disproven if a hydride shift is truly operative, and if this is a stepwise or concerted 
process.  It would be a clarifying experiment to see if migration can be decoupled from IMDA 
cycloaddition.  Purposefully isolating or observing such a migrated substrate did occur to us.  





2.9 Diene migration in intermolecular Diels–Alder reactions 
 Tandem diene migration was briefly explored in analogous intermolecular Diels–Alder 
reactions (Table 9).  Cyclobutenone and cyclopentenone were each reacted with four equivalents 
of 1,3-hexadiene 95 under Lewis acid catalysis.  Cyclobutenone only gave direct Diels–Alder 
adduct 97a (entry 1, entry 2).  In contrast, cyclopentenone gave a 1.6:1 mixture of direct product 
97b and tandem migration product 98b (entry 3).   
 
Table 9.  Intermolecular tandem migration in the Diels–Alder reaction  
 
 
Entry n Conditions Yielda (97:98) 
     
1 1 1.0 equiv ZnCl2, 0.2 M CDCl3, rt, 21 hr 93% (1:0) 
2 1 0.2 equiv BF3·OEt2, 0.1 M toluene, rt, 4 hr  69% (1:0) 
3 2 0.2 equiv BF3·OEt2, 0.1 M toluene, 110 oC, 21 hr 57% (1.6:1) 
    
a Isolated yield. 
 
 Tandem migration appears to have some generality in these cycloalkenone substrates, 
whether in IMDA or intermolecular Diels–Alder reactions.  This experiment showed that migration 
of 95 is competitive with its Diels–Alder reaction with cyclopentenone, but not cyclobutenone.  An 
informative follow up would be to see if migration of dienes like 95 can be detected when they are 
subjected to the same reaction conditions without a dienophile present, or if cycloaddition is 




























2.10 A shorter tether  
 For more exploration of cyclobutenone IMDA reactivity and tandem migration properties, 
substrate 101 was prepared (Figure 34, part A).  3-Bromo-1-propanol 99 was converted into a 
Wittig salt and olefinated with crotonaldehyde to give diene alcohol 100.74  This material was used 
to prepare pre-IMDA substrate 101 in the same fashion as earlier cyclobutenone systems. 
 




Substrate 101 was designed to test if it might react directly to form a 4-membered ring 
from an IMDA reaction of this shorter tether, or undergo a diene migration to reactive substrate 35 
(Figure 34, part B).  Both direct IMDA and migration to the less stable terminal diene were 
predicted to be disfavored.   
When substrate 51 was studied earlier, there was no obvious evidence of an equilibrium 
with substrates of the form 101.  Yet if there were some unequal equilibrium, it might be possible 
that small amounts of 51 could transiently form from 101.  Reactive substrate 51 might then be 
trapped as an IMDA adduct, thus removing itself from equilibrium and potentially driving the 
overall transformation in this direction.  This would be equivalent to a reversed tandem migration-
IMDA as compared to our initial observations.  Here a migrated IMDA substrate would be more 
reactive yet less stable; earlier we saw a migrated IMDA substrate that was more reactive and 
more stable than its pre-migrated counterpart.  A more fair comparison could be to test the 
ethylated analog of 101, such that the “reverse migrated” form would also be disubstituted. 
 Table 10 summarizes the IMDA behavior of substrate 101.  Neither direct IMDA product 
















conditions returned substrate 101 without isomerization or migration (entry 1, entry 2).  The 
cyclobutenone ring decomposed over time upon heating (entry 3).   
 
Table 10.  iMDA reaction summary of substrate 130 
 
 
Entry Conditions Result 
   
1 1.0 equiv ZnCl2, 0.2 M CDCl3, rt, 18 hr NR 
2 0.2 equiv BF3·OEt2, 0.05 M toluene, 0 oC to rt, 6 hr  NR 
3 55 oC, 0.2 M CDCl3, 40 hr Decomposition 



















2.11  Translation of endo selectivity to trans hydrindene junctions 
 Having demonstrated the first examples of cyclobutenone IMDA reactions and 
developing a protocol for high endo selectivity of typically problematic cycloalkenone substrates, 
we sought to capitalize on this control.  Accordingly, we turned our attention to highlighting the 
trans AB junctions formed by IMDA cycloaddition.  In this case, bicyclic hydrindene structures 7 
would be revealed by controlled C ring degradation of endo adducts like 62 (Figure 35).  Our 
group has an ongoing interest in obtaining trans fused junctions from Diels–Alder logic, which we 
term the “trans Diels–Alder paradigm.”75-78  This work serves as a complement to previous 
strategies of chemically replacing an angular R group of a Diels–Alder adduct with inversion.    
 
Figure 35.  Use of Diels–Alder logic toward trans AB junction 
 
 
For illustrative purposes, we planned to expand the C ring by Baeyer-Villiger oxidation, 
followed by reductive fragmentation.  Cyclobutenone cycloadducts 62–63 were expanded under 
mild conditions to the lactones 103–104, then reduced to 105–106.  These diols have 
differentiable primary and secondary alcohols (Figure 36). 
 




Larger C rings originating from the dienophiles cyclopentenone and cyclohexenone 




















62   R = H
63   R = Me
103   R = H
104   R = Me
105   R = H












chloroperoxybenzoic acid (m-CPBA) in heterogeneous sodium bicarbonate buffer conditions 
(Figure 37).79  Diols 109 and 110 were isolated after reductive cleavage. 
 




While earlier examples gave regiospecific Baeyer-Villiger expansion without issue, the 
larger methylated cycloadducts were not as accommodating: exposure to m-CPBA resulted in 
epoxidation of the carbon-carbon double bond rather than reaction at the C ring.   After some 
screening, the planned expansion was effected on 56 through the use of Lewis acid-activated 
bis(trimethylsilyl)peroxide (BTSP) (Figure 38).  BTSP was developed as a dry form of hydrogen 
peroxide,80 later finding application in selective oxidative reactions when aided by various Lewis 
acids.81  The mechanism of oxidation is not confirmed, but it is thought to be analogous to that of 
hydrogen peroxide itself, forming the lactone and hexamethyldisiloxane in the end. 
 




When BTSP conditions were applied to similar cycloadduct 60, no lactone was isolated 
(Figure 39).  At low temperature, we observed what appeared to be the anticipated Baeyer-
Villiger peroxy intermediate.  This structure did not collapse to a lactone over time, upon warming, 
or with stronger Lewis acid present.  Careful application of the same conditions used on 56 
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moderate yield, notably as a single diastereomer.  The new hydroxyl likely resides on the convex 
face of 113.  Reduction furnished diol 114, also as a single diastereomer.  One could imagine 
treating 113 or 114 with lead tetraacetate (LTA) or other oxidants to cleave the remaining C ring. 
 



























 In this work, we have shown the first examples of cyclobutenone IMDA reactions, and 
that cyclobutenone is a uniquely activated and endo selective dienophilic component in 
intramolecular as well as intermolecular Diels–Alder reactions.  Lewis acid catalyzed conditions 
were developed that allow good endo control and yields of cyclobutenone, cyclopentenone, and 
cyclohexenone substrates.  Perhaps this could open the doors to the use of these dienophiles 
toward natural products; it has been noted that this would be, “in principle, a simple method of 
construction of the basic skeleton of sesquiterpenes, diterpenes, steroids and alkaloids.”82   
Cyclobutenone substrates could also be used as a way to access equivalent forms of 
larger dienophiles that are generally poorer dienophiles, or otherwise serve as a springboard for 
functionalization after cycloaddition.  The synthetic use of a cyclobutanone ring as formed in our 
cycloadducts has been reviewed.83  The chemistry developed around cyclobutanones could be 
applied, such as ring expansions or other rearrangements,84 or nonenolizable Haller–Bauer-type 
ring cleavage.85 
High levels of endo control also result in trans hydrindene cores in an iso-Diels–Alder 
motif.  This pattern can be revealed by a variety of degradative pathways as appropriate.  For 
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2.16 Experimental for Intramolecular Diels-Alder Reactions of Cycloalkenones 
Text for selected experimental section adapted from a manuscript.1  Reactions were performed in 
oven- or flame-dried glassware, either under positive argon pressure, or in sealed tubes flushed 
with argon as indicated.  Unless otherwise noted, reagents and anhydrous solvents were 
purchased at the highest commercial quality and used without further purification.  CH2Cl2 was 
freshly distilled from CaH2.  Reactions were monitored by thin-layer chromatography on Merck 
silica gel plates (60-F254), which were visualized with UV light and KMnO4 stain.  Organic 
solutions were concentrated under reduced pressure using a Büchi rotatory evaporator.  
Chromatography was performed with Sorbent Technology silica gel 60 (particle size 32–63 µm).  
Yields are reported for isolated, spectroscopically homogeneous material unless otherwise 
indicated. 
 
NMR spectra were recorded on Bruker DRX 300, 400, or 500 MHz spectrometers.  Abbreviations 
for 1H NMR are as follows: br = broad, ap = apparent, s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet.  13C NMR carbon multiplicities were determined by Heteronuclear Single 
Quantum Coherence (HSQC) spectroscopy.  IR spectra were recorded in inverse wavenumbers 
(cm-1) on a Nicolet AVATAR 370 DTGS spectrometer.  High-resolution mass spectra (HRMS) 
were obtained on a JEOL HX 110 mass spectrometer from the Columbia University Mass 










Toward fragment 34: 
 
32: This ester was prepared based on literature procedure with minor changes.2  Catalytic 
propionic acid (0.77 mL, 10 mmol, 0.1 equiv) was added to 1,4-pentadien-3-ol (10.0 mL, 103 
mmol, 1 equiv) in trimethyl orthoacetate (90.0 mL, 704 mmol, 6.8 equiv as solvent) at room 
temperature, and brought to reflux at 130 oC for 1 h.  At this time, the reaction was cooled to 90 – 
100 oC.  The reflux condenser was removed to boil off liberated alcohol for 30 min, and then 
reattached as the reaction was brought back to 130 oC reflux for 2.5 h.  Volatiles were distilled out 
at 140 oC.  After cooling to ambient temperature, crude product was purified by flash column 
chromatography (silica, hexanes to 4:1 hexanes/diethyl ether) to give volatile ester 32 (13.8 g, 
96%) as a clear, colorless liquid that smells of cinnamon. 
 
Rf = 0.63 (4:1 hexanes/diethyl ether). 
1H NMR (300 MHz, CDCl3) ! 6.29 (dt, J = 16.9, 10.2 Hz, 1 H), 6.08 (dd, J = 15.2, 10.4 Hz, 1 H), 
5.76 – 5.60 (m, 1 H), 5.11 (d, J = 16.4 Hz, 1 H), 4.99 (d, J = 10.1 Hz, 1 H), 3.67 (s, 3 H), 2.41 (s, 4 
H). 
13C NMR (75 MHz, CDCl3) ! 173.3, 136.8, 132.5, 132.0, 115.7, 51.5, 33.6, 27.7. 
IR (thin film, salt plate) 3007, 2944, 1740 cm-1. 




33: LiAlH4 (49 mL, 98 mmol, 2.0 M in THF) was cooled to 0 oC in an ice bath.  To this was added 






completion at 30 min, the reaction was carefully quenched by dropwise addition of water.  The 
mixture was stirred with 1 M HCl, then extracted with ether.  Combined organic layers were 
washed with water and brine, dried over MgSO4, and concentrated under reduced pressure.  
Crude product was passed through a plug of celite using methylene chloride, giving 33 (11.06 g, 




34: This iodide was prepared based on literature procedure with minor changes.4  To a solution of 
alcohol 33 (4.82 g, 43 mmol, 1.0 equiv) in CH2Cl2 (215 mL, 0.2 M) at ambient temperature was 
added imidazole (8.8 g, 129 mmol, 3.0 equiv), then triphenylphenylphosphine (16.9 g, 64.4 mmol, 
1.5 equiv).  After complete dissolution of reagents, the reaction was cooled to 0 oC and protected 
from light.  Iodine (16.4 g, 64.6 mmol, 1.5 equiv) was added in portions over 15 min.  The reaction 
was stirred for 1 h at 0 oC, then 1 h at ambient temperature (23 oC).  Upon completion, pentane 
and diethyl ether were added to crash out triphenylphosphine oxide.  Remaining liquid was 
decanted into a saturated solution of NaHCO3, which was extracted with CH2Cl2.  Combined 
organic layers were washed with water and brine, dried over MgSO4, and concentrated under 
reduced pressure.  Crude product was purification by flash column chromatography (eluent: 











Toward fragment 39: 
 
36: This silyl ether was prepared in 96% yield by the standard protection of 4-pentyn-1-ol.6  
Samples of 36 matched literature characterization.7 
 
 
37: Hydroboration and Suzuki product 37 was prepared based on literature procedure with minor 
changes; samples of 37 matched literature characterization.8 
 
To a THF solution of catecholborane (40.3 mL, 40.3 mmol, 1.0 M in THF, 1 equiv) at ambient 
temperature was added neat 36 (8.0 g, 40.3 mmol, 1 equiv).  The mixture was refluxed at 70 oC 
for 14 h, cooled to ambient temperature, and directly concentrated under reduced pressure. 
 
Crude boronate made above (12.83 g theoretical) and trans-1-bromo-1-propene (5.0 g, 41.3 
mmol, 1 equiv) were dissolved in benzene (80 mL, 0.5 M).  The solution was degassed.  Catalytic 
Pd(PPh3)4 (312 mg, 0.27 mmol, 0.007 equiv) and a separately degassed solution of NaOMe (17.4 
mL, 81 mmol, 25 wt% in methanol, 2 equiv) were added to the reaction, which was then refluxed 
at 80 oC for 3.5 h.  Upon completion, the reaction mixture was cooled to 0 oC and carefully 
quenched with dropwise addition of H2O2 (12 mL, 30 wt%) and NaOH (20 mL, 3 M) over 30 min.  
The mixture was diluted with diethyl ether after 2 h (200 mL), and extracted with diethyl ether (1 x 
200 mL).  Combined organic layers were washed with NaOH (3 M, 4 x 200 mL), dried over 
MgSO4, and concentrated under reduced pressure.  Crude product was passed through a silica 
plug (eluted with pentane) and concentrated to give 37 (7.24 g, 74.6% over two steps) as a clear, 







39: Cross coupling product 37 (7.24 g, 30.1 mmol, 1 equiv) was dissolved in THF (72 mL, 0.4 M) 
and cooled to 0 oC.  Tetrabutylammonium fluoride (TBAF) (39.1 mL, 1.3 equiv, 1.0 M THF) was 
added over 10 min.  The reaction was left to warm to ambient temperature over 2 h, at which time 
it was quenched by saturated aqueous NH4Cl, then extracted with diethyl ether.  Combined 
organic layers were dried over MgSO4, filtered through a silica plug, and concentrated to give 
alcohol 38 (3.1 g, 81.6%) as a clear, pale yellow liquid.  38 Rf = 0.23 (2:1 hexanes/diethyl ether). 
Iodide 39 was prepared from 38 in the same way as iodide 34,4 giving 39 (78.7%) as a clear, 





Toward fragment 76: 
 
74: Prepared based on a literature protocol.10  Allyltrimethylsilane (15.8 mL, 1.2 equiv, 99.4 
mmol) in CH2Cl2 (10.0 mL, 10 M) was cooled to -78 oC.  Trimethylsilyl trifluoromethanesulfonate 
(TMSOTf) (0.18 mL, 0.01 equiv, 0.9 mmol) was added, followed by dropwise addition of 2-
methoxy-tetrahydropyran 73 (10.0 mL, 1 equiv, 82.9 mmol) in CH2Cl2 (40 mL, 2 M) over 15 min.  
The reaction was warmed to -50 oC and held for 4 h, then held at 0 oC for 1 h.  Upon completion, 
the reaction was poured into saturated aqueous NaHCO3 and extracted with diethyl ether.  
Combined organic layers were washed with water and brine, dried over MgSO4, and carefully 
concentrated under reduced pressure.  The volatile crude product was purified by flash column 
chromatography (silica, pentane to 10% diethyl ether in pentane), giving pure 96 (8.9 g, 85%). 
 
Rf = 0.65 (4:1 hexanes/diethyl ether).   
1H NMR (400 MHz, CDCl3) ! 5.80 (dqd, J = 17.1, 7.1, 3.5 Hz, 1 H), 5.09 – 4.97 (m, 2 H), 3.99 – 
3.91 (m, 1 H), 3.45 – 3.35 (m, 1 H), 3.35 – 3.23 (m, 1 H), 2.31 – 2.21 (m, 1 H), 2.21 – 2.09 (m, 1 
H), 1.84 – 1.76 (m, 1 H), 1.62 – 1.40 (m, 4 H), 1.32 – 1.18 (m, 1 H). 
13C NMR (100 MHz, CDCl3) ! 135.0, 116.5, 77.3, 68.5, 41.0, 31.4, 26.0, 23.5. 
IR (thin film, salt plate) 2930, 2847, 1270 cm-1. 









n-BuLi (27.7 mL of 2.5 M solution in hexanes, 1.2 equiv, 69.3 mmol) was cooled to -78 oC, and 
diluted with tetrahydrofuran solvent (25 mL).  Fresh diisopropylamine (5.9 mL, 1.2 equiv, 68.8 
mmol) was added to form lithium diisopropylamine (LDA) over 10 min at ambient temperature, 
then cooled back to -78 oC.  No more than 10 mol% of dry potassium tert-butoxide (0.65 g, 0.1 
equiv, 5.8 mmol) was added to form LIDAKOR.  The superbase is formed and ready to use after 
stirring 10-15 min further at -78 oC. 
 
Substrate 74 (7.27g, 1 equiv, 57.6 mmol) was dissolved in tetrahydrofuran (12.5 mL), and added 
to the LIDAKOR solution dropwise over 10 min.  An intense orange color immediately develops, 
turning red over time.  The reaction was gently warmed from -78 oC to -50 oC over 1 h.  Upon 
completion as monitored by TLC, the reaction was quenched with water, extracted with ether, and 
concentrated under reduced pressure to give alcohol 75 (5.7 g, 78%, 93:7 E/Z mixture) as a 




76: Iodide was prepared from 75 in the same way as earlier iodides,4 giving 76 (7.9 g, 74%) as a 





Toward fragment S2: 
 
 
S1: Formation and reaction of Wittig salt S1 was based on a literature procedure of a similar 
compound.16 
Rf = 0.44 (1:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 7.82 – 7.64 (m, 15 H overlapping), 4.93 (t, J = 6.5 Hz, 1 H), 3.78 
(dd, J = 16.8, 12.9 Hz, 4 H), 1.87 – 1.77 (m, 2 H). 
13C NMR (100 MHz, CDCl3) ! 135.0, 135.0, 133.5, 133.4, 130.5, 130.4, 118.7, 117.9, 60.3, 60.2, 
25.8, 25.8, 20.4, 19.9. 
 
 
100: Wittig reaction was based on a literature procedure.  Samples of product matched literature 
characterization.17 




S2: This iodide was prepared in the same way as earlier iodides.4  Samples match literature 
characterization of the same compound made differently.17 













General procedure to prepare 4-chlorinated cyclobutenone substrates:   
Reactant 21 was prepared in 55% yield according to literature procedure.14  To facilitate stirring, 
multiple reactions were run in parallel on a 10 mmol scale. 
 
Iodide 31 or 39 (1 equiv, 0.5 M in diethyl ether) was added to a solution of t-BuLi (1.7 M in 
pentane, 2.2 equiv) at -78 oC and protected from light.  After exchanging 45 – 60 min, 21 (0.8 
equiv, in equal volume of diethyl ether as iodide) was added.  Upon completion at 30 min, the 
reaction was quenched with trifluoroacetic anhydride (TFAA) (1 equiv) followed by saturated 
aqueous NaHCO3.14  The mixture was allowed to warm to ambient temperature, then extracted 
with ether.  Combined organic layers were dried over MgSO4 and concentrated under reduced 
pressure.  Crude halogenated product was purified by flash column chromatography (silica, 
pentane to 10% diethyl ether in pentane), then concentrated to give 49 (66%) or 50 (56%) as 
clear, pale yellow oils.   
 
If the trienes were not fully unraveled, i.e. if the intermediate 1,2-addition products were isolated, 
the process could be forced by cooling the material to 0 oC in CDCl3 or CH2Cl2, then treating with 
trace (<5%) BF3·OEt2 for 30 min.  Prolonged exposure results in IMDA reaction.  Halogenated 


































49: Rf = 0.33 (4:1 hexanes/diethyl ether).  
1H NMR (400 MHz, CDCl3) ! 6.31 (dt, J = 16.9, 10.3 Hz, 1 H), 6.17 (s, 1 H), 6.14 – 6.02 (m, 1 H), 
5.67 (dt, J = 14.7, 7.0 Hz, 1 H), 5.22 (d, J = 1.0 Hz, 1 H), 5.13 (d, J = 16.2 Hz, 1 H), 5.02 (d, J = 
10.1 Hz, 1 H), 2.74 – 2.53 (m, 2 H), 2.22 (q, J = 7.2 Hz, 2 H), 1.80 (qt, J = 13.6, 6.5 Hz, 2 H). 
13C NMR (125 MHz, CDCl3) ! 182.3, 182.2, 137.3, 136.7, 132.9, 132.4, 115.9, 69.1, 31.9, 28.3, 
25.2. 
 
49 with Bromine: Rf = 0.33 (4:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 6.31 (dt, J = 17.0, 10.3 Hz, 1 H), 6.14 (q, J = 1.4 Hz, 1 H), 6.12 – 
6.03 (m, 1 H), 5.67 (dt, J = 14.6, 7.0 Hz, 1 H), 5.34 (q, J = 1.0 Hz, 1 H), 5.13 (d, J = 16.8 Hz, 1 H), 
5.02 (d, J = 10.3 Hz, 1 H), 2.76 – 2.50 (m, 2 H), 2.22 (q, J = 7.2 Hz, 2 H), 1.90 – 1.70 (m, 2 H). 
13C NMR (100 MHz, CDCl3) ! 182.24, 181.6, 136.7, 136.1, 132.9, 132.4, 115.9, 58.9, 31.9, 28.6, 
25.2. 
 
50: Rf = 0.37 (4:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 6.15 (dq, J = 2.5, 1.4 Hz, 1 H), 6.09 – 5.95 (m, 2 H), 5.69 – 5.43 (m, 
2  H), 5.20 (d, J = 0.9 Hz, 1H), 2.73 – 2.50 (m, 2 H), 2.23 – 2.12 (m,  2H), 1.86 – 1.75 (m, 2 H), 
1.73 (d, J = 6.3 Hz, 3 H). 








General procedure for reductive dechlorination:  
Halogenated trienes were reduced according to related literature procedure with some changes.15  
Activated zinc (5 equiv) was suspended in anhydrous methanol (3 M) at ambient temperature.  
N,N,N’,N’-tetramethylethane-1,2-diamine (TMEDA) (5 equiv) then glacial acetic acid (5 equiv) 
were added as the mixture was cooled to 0 oC, followed by addition of a solution of halogenated 
49 or 50 (1 equiv) in a minimal amount of anhydrous methanol (usually 1 mL).  The reaction was 
stirred at 0 oC for 15 minutes, developing a characteristic green color, then stirred at ambient 
temperature for 1.5 h to balance conversion with decomposition.  The mixtures were diluted with 
pentane and diethyl ether, filtered, washed with 1 M HCl, washed twice with saturated aqueous 
NaHCO3, then washed with brine.  The organic layer was concentrated under reduced pressure, 
then purified by flash column chromatography (silica, pentane to 10% diethyl ether).  Final pre-
IMDA substrates 51 (69%) and 52 (64%) were obtained as clear, colorless oils. 
 
51: Rf = 0.33 (4:1 hexanes/diethyl ether).   
1H NMR (400 MHz, CDCl3) ! 6.30 (dt, J = 16.9, 10.3 Hz, 1 H), 6.07 (dd, J = 15.4, 10.2 Hz, 1 H), 
5.90 (s, 1 H), 5.67 (dt, J = 14.6, 7.0 Hz, 1 H), 5.12 (d, J = 16.9 Hz, 1 H), 4.99 (d, J = 10.1 Hz, 1 
H), 3.15 (s, 2 H), 2.57 (t, J = 7.5 Hz, 2 H), 2.23 – 2.13 (m, 2 H), 1.73 (quintet, J = 7.5 Hz, 2 H). 
13C NMR (100 MHz, CDCl3) ! 187.8, 180.7, 136.8, 134.3, 133.4, 132.1, 115.6, 50.7, 31.9, 31.4, 
25.6. 
IR (thin film, salt plate) 3085, 2932, 1765 cm-1. 


















52: Rf = 0.38 (4:1 hexanes/diethyl ether).  
1H NMR (400 MHz, CDCl3) ! 6.08 – 5.96 (m, 2 H), 5.89 (s, 1 H), 5.68 – 5.45 (m, 2 H), 3.15 (s, 2 
H), 2.56 (ap t, J = 7.0 Hz, 2 H), 2.15 (q, J = 7.1 Hz, 2 H), 1.73 (d, J = 6.1 Hz, 3 H), 1.72 – 1.65 (m, 
2 H). 
13C NMR (100 MHz, CDCl3) ! 187.90, 180.88, 134.27, 131.55, 131.24, 129.97, 127.76, 50.72, 
31.96, 31.43, 25.78, 17.99. 
IR (thin film, salt plate) 3013, 2931, 1766, 1583 cm-1  











General procedure for preparation of larger cycloalkenone substrates:  
Iodide 31 or 39 (1 equiv, 0.4 M in diethyl ether) was added to a solution of t-BuLi (1.7 M in 
pentane, 2.2 equiv) at -78 oC and protected from light.  After exchanging 45 – 60 min, 40 or 41 
(1.5 equiv, in equal volume of diethyl ether as iodide) was added over 10 min.  The reaction was 
allowed to warm to about 0 oC over 2 h, then quenched with water and extracted with diethyl 
ether.  Combined organic layers were was with brine, dried over MgSO4, and concentrated under 
reduced pressure.   
 
Crude tertiary allylic alcohol 42 was promptly dissolved in CH2Cl2 (0.2 M), buffered with sodium 
acetate (2 equiv), and cooled to 0 oC.  Pyridinium chlorochromate (PCC) (1.5 equiv) was added in 
portions over 5 min.  The reaction quickly developed a dark color, and was moved to ambient 
temperature (23 oC) after 15 min.  Upon completion at 1.5 h, the crude mixture was filtered 
through a plug of silica and celite (silica, diethyl ether), concentrated under reduced pressure, 
then purified by flash column chromatography (silica, hexanes to 50% diethyl ether in hexanes).  
Final substrates 43 (67%), 44 (58%), 45 (62%), and 46 (69%) were obtained as clear, colorless to 
pale yellow oils. 
 
43: Rf = 0.27 (1:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 6.26 (dt, J = 16.9, 10.3 Hz, 1 H), 6.02 (dd, J = 14.9, 10.6 Hz, 1 H), 
5.90 (ap quintet, J = 1.5 Hz, 1 H), 5.63 (dt, J = 14.7, 7.0 Hz, 1 H), 5.07 (d, J = 17.0 Hz, 1 H), 4.94 
I
1a. t-BuLi, 
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(d, J = 10.1 Hz, 1 H), 2.57 – 2.50 (m, 2 H), 2.42 – 2.31 (m, 3 H), 2.11 (q, J = 7.2 Hz, 2 H), 1.72 – 
1.60 (m, 2 H). 
13C NMR (125 MHz, CDCl3) ! 209.7, 182.4, 136.8, 133.6, 131.8, 129.4, 115.2, 35.1, 32.7, 31.9, 
31.4, 26.3. 
IR (thin film, salt plate) 2931, 1707, 1615, 1006 cm-1. 
FAB-HRMS (M+H)+ calculated for C12H17O 177.1274, found 177.1286. 
 
44: Rf = 0.25 (1:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 6.05 – 5.94 (m, 2 H), 5.92 (s, 1 H), 5.66 – 5.41 (m, 2 H), 2.58 – 2.51 
(m, 2 H), 2.38 (t, J = 7.6 Hz, 4 H), 2.09 (q, J = 7.2 Hz, 2 H), 1.71 (d, J = 6.4 Hz, 3 H), 1.68 – 1.59 
(m, 2 H). 
13C NMR (100 MHz, CDCl3) ! 210.0, 182.8, 131.3, 131.2, 130.2, 129.4, 127.5, 35.2, 32.8, 32.0, 
31.5, 26.6, 17.9. 
IR (thin film, salt plate) 2928, 2360, 2342, 1706 cm-1. 
FAB-HRMS (M+H)+ calculated for C13H19O 191.1436, found 191.1432. 
 
45: Rf = 0.33 (1:1 hexanes/diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 6.27 (dt, J = 16.9, 10.2 Hz, 1 H), 6.03 (dd, J = 14.8, 10.7 Hz, 1 H), 
5.84 (s, 1 H), 5.65 (dq, J = 14.9, 7.6, 7.0 Hz, 1 H), 5.08 (d, J = 16.9 Hz, 1 H), 4.95 (d, J = 10.1 Hz, 
1 H), 2.36 – 2.29 (m, 2 H), 2.25 (t, J = 5.9 Hz, 2 H), 2.23 – 2.16 (m, 2 H), 2.09 (q, J = 7.1 Hz, 2 H), 
2.00 – 1.92 (m, 2 H), 1.59 (quintet, J = 7.5 Hz, 2 H). 
13C NMR (100 MHz, CDCl3) !199.7, 166.0, 1376.9, 133.8, 131.7, 125.7, 115.2, 37.31, 37.26, 
31.9, 29.6, 26.3, 22.6. 
IR (thin film, salt plate) 2934, 1670, 1006 cm-1. 






46: Rf = 0.31 (4:1 hexanes/diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 5.99 (d, J = 13.7 Hz, 2 H), 5.85 (s, 1 H), 5.53 (ddq, J = 40.7, 13.3, 
6.6 Hz, 2 H), 2.33 (dd, J = 9.2, 3.8 Hz, 2 H), 2.26 (t, J = 5.9 Hz, 2 H), 2.19 (t, J = 7.7 Hz, 2 H), 
2.06 (q, J = 7.1 Hz, 2 H), 1.96 (p, J = 6.1 Hz, 2 H), 1.71 (d, J = 6.6 Hz, 3 H), 1.57 (p, J = 7.4 Hz, 2 
H). 
13C NMR (125 MHz, CDCl3) ! 199.8, 166.2, 131.3, 131.2, 130.5, 127.4, 125.7, 37.4, 37.3, 31.9, 
29.6, 26.5, 22.7, 17.9. 
Relative stereochemistry confirmed by NOE. 
IR (thin film, salt plate) 3015, 2931, 2870, 1670, 988 cm-1. 






Preparation of substrate 51: 




S3: Rf = 0.27 (4:1 hexanes/diethyl ether). 
1H NMR (major isomer, 500 MHz, CDCl3) ! 6.16 (s, 1 H), 6.12 – 5.96 (m, 2 H), 5.64 (dq, J = 13.5, 
6.6 Hz, 1 H), 5.52 (dt, J = 14.3, 6.7 Hz, 1 H), 5.21 (s, 1 H), 2.78 (dt, J = 15.0, 7.2 Hz, 1 H), 2.72 – 
2.62 (m, 1 H), 2.48 – 2.43 (m, 2 H), 1.74 (d, J = 6.6 Hz, 3 H) 
13C NMR (major isomer, 125 MHz, CDCl3) ! 182.1, 181.6, 137.6, 132.3, 130.8, 128.8, 128.0, 





51: Rf = 0.27 (4:1 hexanes/diethyl ether). 
1H NMR (major isomer, 400 MHz, CDCl3) ! 6.11 – 5.94 (m, 2 H), 5.89 (s, 1 H), 5.62 (dt, J = 13.8, 
6.7 Hz, 1 H), 5.53 (dq, J = 14.1, 6.8, 6.4 Hz, 1 H), 3.15 (s, 2 H), 2.65 (t, J = 7.1 Hz, 2 H), 2.38 (q, 
J = 7.1 Hz, 2 H), 1.73 (d, J = 6.8 Hz, 3 H). 
13C NMR (major isomer, 100 MHz, CDCl3) ! 187.8, 180.2, 134.6, 131.8, 131.0, 128.7, 128.3, 
50.8, 31.8, 29.1, 18.0. 
IR (thin film, salt plate) 3016.9, 2915.1, 2844.7, 1767.4, 1583.2, 988.9 cm-1. 












Preparation of substrates 68-70: 
These were all prepared from iodide 76 in the same manner as other substrates described here. 
 
68: Rf = 0.32 (4:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 6.38 –  6.19 (m, 1 H), 6.06 – 5.94 (m, 1 H), 5.88 (s, 1 H), 5.75 – 
5.59 (m, 1 H), 5.09 (d, J = 16.5 Hz, 1 H), 4.96 (d, J = 10.2 Hz, 1 H), 3.13 (s, 2 H), 2.59 – 2.51 (m, 
2 H), 2.12 (q, J = 6.8 Hz, 2 H), 1.80 – 1.68 (m, 4 H). 
13C NMR (100 MHz, CDCl3) ! 183.4, 174.9, 137.0, 134.1, 131.6, 130.1, 115.2, 48.1, 32.0, 28.9, 
28.8, 25.0. 
IR (thin film, salt plate) 3023, 2934, 2851, 1766 cm-1. 
APCI-LRMS (M+H)+ calculated for C12H17O 177.13, found 177.07. 
 
69: Rf = 0.35 (1:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 6.30 (dt, J = 17.0, 10.3 Hz, 1 H), 6.11 – 5.98 (m, 1 H), 5.95 – 5.91 
(m, 1 H), 5.68 (dt, J = 14.5, 6.9 Hz, 1 H), 5.10 (d, J = 16.5 Hz, 1 H), 4.97 (d, J = 10.2 Hz, 1 H), 
2.60 – 2.54 (m, 2 H), 2.42 – 2.36 (m, 4 H), 2.12 (q, J = 7.1 Hz, 2 H), 1.63 – 1.54 (m, 2 H), 1.52 – 
1.40 (m, 2 H). 
13C NMR (100 MHz, CDCl3) ! 210.1, 182.8, 137.1, 134.4, 131.4, 129.5, 35.3, 33.3, 32.2, 28.8, 
26.6. 
IR (thin film, salt plate) 3014, 2928, 2854, 1707, 1675, 1615 cm-1. 
FAB-HRMS (M+H)+ calculated for C13H19O 191.1436, found 191.1437. 
O









70: Rf = 0.37 (1:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 6.28 (dt, J = 17.0, 10.3 Hz, 1 H), 6.03 (dd, J = 15.2, 10.4 Hz, 1 H), 
5.85 (s, 1 H), 5.65 (dt, J = 14.6, 6.9 Hz, 1 H), 5.07 (d, J = 16.8 Hz, 1 H), 4.95 (d, J = 10.2 Hz, 1 
H), 2.36 – 2.31 (m, 2 H), 2.26 (t, J = 5.8 Hz, 2 H), 2.19 (t, J = 7.3 Hz, 2 H), 2.09 (q, J = 7.0 Hz, 2 
H), 2.00 – 1.94 (m, 2 H), 1.52 – 1.45 (m, 2 H), 1.45 – 1.33 (m, 2 H). 
13C NMR (100 MHz, CDCl3) ! 199.8, 166.3, 137.0, 134.5, 131.3, 125.7, 115.0, 37.8, 37.3, 32.2, 
29.6, 28.6, 26.3, 22.7. 
IR (thin film, salt plate) 2954, 2868, 1708, 1681, 1614 cm-1. 







General conditions for Lewis acid catalyzed IMDA of cyclobutenone substrates: 
51 or 52 was dissolved in toluene (0.05 M) and cooled to 0 oC.  To this was added BF3·OEt2 (0.2 
equiv).  The reaction was allowed to warm to ambient temperature over 5.5 h.  Direct purification 
by flash column chromatography (silica, pentane to 10% diethyl ether in pentane) gave endo 
products 62 (86%) or 63 (92%) as clear yellow oils. 
 
General conditions for thermal IMDA of cyclobutenone substrates: 
51 or 52 was dissolved in CDCl3 (0.2 M), then heated at 55 oC for 40 h.  After cooling, the 
material was directly purified by flash column chromatography (silica, pentane to 10% diethyl 
ether in pentane) to give endo products 62 (35%) or 63 (54%) as clear yellow oils. 
 
62: Rf = 0.58 (4:1 hexanes/diethyl ether).   
1H NMR (500 MHz, CDCl3) ! 6.03 (dt, J = 9.3, 2.9 Hz, 1 H), 5.67 (dt, J = 9.0, 2.6 Hz, 1 H), 3.14 
(dt, J = 7.8, 4.7 Hz, 1 H), 2.52 (dd, J = 17.8, 3.0 Hz, 1 H), 2.39 (dd, J = 17.8, 5.0 Hz, 2 H), 2.16 
(ddd, J = 12.0, 6.9, 2.4 Hz, 1 H), 2.03 – 1.93 (m, 1 H), 1.83 (q, J = 9.2, 8.2 Hz, 2 H), 1.79 – 1.66 
(m, 2 H), 1.40 – 1.28 (m, 1 H), 1.21 (d, J = 7.2 Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 210.6, 134.6, 131.1, 65.5, 54.2, 43.9, 41.7, 34.3, 32.4, 25.2, 21.6, 
17.3. 
IR (thin film, salt plate) 3020, 2957, 2870, 1773 cm-1. 





















63: Rf = 0.54 (4:1 hexanes/diethyl ether). 
Relative stereochemistry was confirmed through HSQC and NOE spectral analysis. 
1H NMR (400 MHz, CDCl3) ! 6.08 (ddd, J = 9.4, 6.2, 3.1 Hz, 1 H), 5.87 (ddd, J = 9.5, 6.3, 3.4 Hz, 
1 H), 3.24 (m, 1 H), 2.58 (dd, J = 18.0, 3.1 Hz, 1 H), 2.48 (d, J = 4.9 Hz, 1 H), 2.46 – 2.34 (m, 1 
H), 2.23 – 2.08 (m, 2 H), 2.06 – 1.93 (m, 1 H), 1.92 – 1.67 (m, 4 H), 1.40 – 1.29 (m, 1 H). 
13C NMR (125 MHz, CDCl3) ! 212.3, 132.1, 127.4, 59.5, 54.2, 43.5, 41.0, 34.7, 25.6, 25.5, 21.2. 
IR (thin film, salt plate) 3039, 2957, 1789 cm-1.  





62-hydrazone for X-ray: p-Toluenesulfonylhydrazide (57 mg, 30.6 mmol, 1 equiv) was added to 
a solution of 62 (50 mg, 30.6 mmol, 1 equiv) in anhydrous methanol (1.0 mL, 0.3 M) at ambient 
temperature.  After 2 h, the solution was directly concentrated and purified by flash column 
chromatography (silica, pentane to 50% diethyl ether in pentane).  62-hydrazone (94.6 mg, 93%) 
was obtained as a white solid, which was crystallized and used for X-ray crystallographic 
analysis. 
 
Rf = 0.53 (1:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 7.78 (d, J = 8.3 Hz, 2 H), 7.51 (br s, NH), 7.30 (dd, J = 8.2, 3.2 Hz, 2 
H), 5.88 (dt, J = 9.3, 2.9 Hz, 1 H), 5.64 –  5.54 (m, 1 H), 3.18 – 3.13 (m, 1 H), 2.42 (s, 3 H), 2.28 – 
2.12 (m, 2 H), 2.07 – 2.01 (m, 1 H), 2.01 – 1.91 (m, 1 H), 1.91 – 1.80 (m, 1 H), 1.79 – 1.46 (m, 5 
H overlapping), 1.30 – 1.14 (m, 1 H). 
13C NMR (100 MHz, CD3OD) ! 162.4, 143.7, 131.5, 129.1, 127.70, 127.5, 127.4, 46.1, 43.9, 43.3, 
39.54, 34.2, 27.4, 24.6, 20.4, 20.1. 
IR (thin film, salt plate) 3025, 2950, 2869, 1340, 1164 cm-1. 








General procedure for Lewis acid catalyzed IMDA of larger cycloalkenone substrates:  
Substrate 43, 44, 45, or 46 (0.3 mmol, 1 equiv) was dissolved in toluene (6 mL, 0.05 M) at 
ambient temperature.  To this solution was added BF3·OEt2 (0.06 mmol, 0.2 equiv).  Substrates 
43 and 45 were refluxed at 110 oC for 24 h; methylated substrates 44 and 46 were held at 90 oC 
for 24 h.  The reactions were cooled to ambient temperature, then directly purified by flash 
column chromatography (silica, pentane to 10% diethyl ether in pentane).  Pale yellow oils were 
obtained without appreciable exo isomer: 54 (88%), 56 (81%), 58 (69%), and 60 (67%). 
 
General procedure for thermal IMDA of larger cycloalkenone substrates: 
Substrate 43, 44, 45, or 46 (0.3 mmol, 1 equiv) was dissolved in mesitylene (1.5 mL, 0.2 M) at 
ambient temperature, in a microwave tube.  2,6-bis(1,1-dimethylethyl)-4-methylphenol (BHT, 
butylated hydroxytoluene) (13 mg, 0.05 mmol, 0.2 equiv) was added.  The mixture was sparged 
with argon gas, then sealed with a crimped aluminum cap.  The reaction was heated at 200 oC for 
12 h, cooled to ambient temperature, then directly purified by flash column chromatography 
(silica, pentane to 20% diethyl ether in pentane).  Pale yellow oils were obtained in endo/exo 
mixtures as follows: 54/55 (67%, 3.7:1), 56/57 (82%, 2.6:1), 58/59 (59%, 2.8:1), 60/61 (62%, 
2.4:1).  Exo isomers were generally isolated for characterization by several rounds of 
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54 (endo): Rf = 0.66 (1:1 hexanes/diethyl ether).   
1H NMR (400 MHz, CDCl3) ! 5.87 (dd, J = 9.5, 2.5 Hz, 1 H), 5.72 (ddt, J = 9.6, 5.7, 2.7 Hz, 1 H), 
2.39 – 2.22 (m, 4 H), 2.18 (ddd, J = 13.0, 7.2, 2.8 Hz, 1 H), 2.11 – 2.00 (m, 1 H), 1.97 – 1.86 (m, 
1 H), 1.86 – 1.72 (m, 3 H), 1.72 – 1.59 (m, 1 H), 1.53 – 1.42 (m, 1 H), 1.42 – 1.24 (m, 2 H). 
13C NMR (100 MHz, CDCl3) ! 221.6, 130.2, 126.5, 51.5, 50.4, 43.4, 35.6, 35.5, 25.7, 25.6, 25.6, 
20.8. 
IR (thin film, salt plate) 3013, 2955, 2873, 1739 cm-1. 
EI-HRMS (M)+ calculated for C12H16O 176.1201, found 176.1211. 
 
55 (exo): Rf = 0.66 (1:1 hexanes/diethyl ether). 
Major compound: 1H NMR (400 MHz, CDCl3 ) ! 5.58 (dq, J = 7.2, 2.4 Hz, 1 H), 5.48 (d, J = 10.7 
Hz, 1 H), 2.44 (ddt, J = 17.6, 4.6, 2.2 Hz, 1 H), 2.37 – 2.29 (m, 1 H), 2.24 – 2.10 (m, 4 H), 2.05 – 
1.94 (m, 2 H), 1.84 – 1.76 (m, 1 H), 1.75 – 1.60 (m, 4 H), 1.46 – 1.37 (m, 1 H). 
Major compound: 13C NMR (100 MHz, CDCl3) ! 219.4, 131.8, 123.6, 51.7, 47.4, 40.5, 37.6, 36.0, 
35.2, 33.0, 23.7, 20.5. 
IR (thin film, salt plate) 3023, 2952, 2871, 1740 cm-1. 
EI-HRMS (M)+ calculated for C12H16O 176.1201, found 176.1193. 
 
56 (endo): Rf = 0.71 (1:1 hexanes/diethyl ether); 0.23 (4:1 hexanes/diethyl ether) 
1H NMR (400 MHz, CDCl3) ! 5.94 (ddd, J = 9.4, 6.3, 3.1 Hz, 1 H), 5.64 (ddd, J = 9.4, 6.2, 2.9 Hz, 
1 H), 2.50 (m, 2 H), 2.30 (d, J = 10.8 Hz, 2 H), 2.22 – 2.09 (m, 2 H), 2.07 – 1.89 (m, 2 H), 1.88 – 
1.78 (m, 2 H), 1.74 – 1.60 (m, 3 H), 1.53 – 1.30 (m, 3 H), 1.08 (d, J = 7.7 Hz, 3 H). 
13C NMR (100 MHz, CDCl3) ! 221.2, 134.4, 131.1, 56.9, 52.2, 44.6, 37.1, 36.8, 31.0, 27.1, 25.4, 
21.4, 17.6. 
IR (thin film, salt plate) 3023, 2955, 2873, 1763 cm-1. 





58 (endo): Rf = 0.62 (1:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 5.78 (dd, J = 13.1, 7.7 Hz, 1 H), 5.62 (dq, J = 9.9, 3.2 Hz, 1 H), 2.62 
(ddd, J = 15.0, 13.1, 7.7 Hz, 1 H), 2.39 – 2.33 (m, 1 H), 2.33 – 2.26 (m, 1 H), 2.25 – 2.10 (m, 2 H), 
2.01 (dd, J = 8.0, 5.3 Hz, 1 H), 1.96 – 1.86 (m, 1 H), 1.84 – 1.54 (m, 6 H), 1.40 – 1.26 (m, 1 H), 
1.19 – 1.10 (m, 1 H), 1.02 (qd, J = 10.9, 2.0 Hz, 1 H). 
13C NMR (100 MHz, CDCl3) ! 214.9, 127.9, 124.9, 56.8, 47.4, 46.5, 35.7, 32.9, 27.6, 25.0, 21.7, 
20.4, 20.4. 
IR (thin film, salt plate) 3021, 2948, 1709 cm-1. 
EI-HRMS (M)+ calculated for C13H18O 190.1358, found 190.1360. 
 
59 (exo): Rf = 0.62 (1:1 hexanes/diethyl ether).   
Major compound: 1H NMR (400 MHz, CDCl3) ! 5.62 (ap s, 2 H), 2.49 (ddd, J = 14.4, 8.6, 6.4 Hz, 
1 H), 2.43 – 2.33 (m, 2 H), 2.30 – 2.19 (m, 1 H), 2.13 (t, J = 7.2 Hz, 1 H), 2.10 – 2.02 (m, 1 H), 
1.89 (m, 4 H), 1.72 – 1.62 (m, 2 H), 1.62 – 1.56 (m, 1 H), 1.50 – 1.44 (m, 1 H), 1.37 (dd, J = 12.5, 
6.5 Hz, 2 H). 
Major compound: 13C NMR (100 MHz, CDCl3) ! 213.8, 130.3, 122.8, 51.7, 46.6, 43.4, 38.8, 37.3, 
33.6, 32.0, 24.0, 23.5, 22.1. 
IR (thin film, salt plate) 3019, 2937, 2871, 1709 cm-1. 
FAB-HRMS (M+H)+ calculated for C13H19O 191.1436, found 191.1431. 
 
60 (endo): Rf = 0.62 (1:1 hexanes/diethyl ether).   
Relative stereochemistry was confirmed through HSQC and NOE spectral analysis. 
1H NMR (400 MHz, CDCl3) ! 5.78 (dt, J = 9.7, 2.7 Hz, 1 H), 5.57 (dt, J = 9.7, 2.7 Hz, 1 H), 2.74 – 
2.58 (m, 1 H), 2.52 (d, J = 11.1 Hz, 1 H), 2.39 (ddt, J = 16.1, 3.7, 1.8 Hz, 1 H), 2.15 (ddd, J = 
16.1, 12.2, 7.8 Hz, 1 H), 1.97 (ddt, J = 10.8, 5.8, 2.9 Hz, 1 H), 1.92 – 1.60 (m, 6 H overlapping), 
1.55 – 1.31 (m, 2 H), 1.21 – 1.12 (m, 1 H), 1.03 (d, J = 7.8 Hz, 3 H). 
13C NMR (100 MHz, CDCl3) ! 215.1, 133.2, 128.4, 59.8, 47.5, 47.3, 41.3, 34.4, 30.2, 25.1, 22.0, 
21.1, 20.6, 19.5. 
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IR (thin film, salt plate) 3024, 2949, 2873, 1701, 1459 cm-1. 
EI-HRMS (M)+ calculated for C14H20O 204.1514, found 204.1516. 
 
61 (exo): Rf = 0.62 (1:1 hexanes/diethyl ether).  
1H NMR (500 MHz, CDCl3) ! 5.76 (ddd, J = 9.9, 4.3, 2.7 Hz, 1 H), 5.44 (d, J = 10.0 Hz, 1H), 2.55 
– 2.46 (m, 2 H), 2.20 (dd, J = 14.3, 3.8 Hz, 1 H), 2.06 – 1.88 (m, 4 H overlapping), 1.85 (d, J = 
10.6 Hz, 1 H), 1.80 – 1.68 (m, 2 H), 1.61 – 1.52 (m, 1 H with water peak overlap), 1.50 – 1.43 (m, 
1 H), 1.34 – 1.17 (m, 2 H), 0.93 (d, J = 7.0 Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 215.1, 129.02, 128.96, 60.6, 47.4, 46.7, 37.7, 36.8, 33.2, 32.4, 
31.0, 23.9, 23.0, 19.5. 
IR (thin film, salt plate) 3014, 1950, 2935, 2869, 1705, 1454 cm-1.  







Derivatization protocol for separation of minor product 57: 
Concentrated sulfuric acid (2.3 mL) was added to a suspension of 2,4-dinitrophenylhydrazine 
(DNPH) (125 mg, 63.1 mmol, 1.2 equiv) in methanol (2.5 mL, 0.2 M).  After the mixture cooled 
back to ambient temperature, solids were filtered out, and a mixture of 56/57 (100 mg, 52.6 mmol, 
1 equiv) was added in methanol (1 mL).  At 1 h, the reaction was diluted with diethyl ether, 
quenched with water, and extracted with diethyl ether.  Combined organic layers were washed 
with saturated aqueous NaHCO3 to neutral pH, washed with brine, dried over MgSO4, and filtered 
through a silica plug.  Crude product was concentrated to a orange solid (174 mg). 
The major component, 56-DNP, was crystallized out of the mixture using diethyl ether and 
pentane.  The minor component, 57-DNP, was isolated by successive enrichment in the mother 
liquor, from which it eventually crystallized out from as well. 
 
56-DNP (endo): Rf = 0.31 (4:1 hexanes/diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 10.84 (s, 1 H), 9.12 (d, J = 2.5 Hz, 1 H), 8.29 (dd, J = 9.6, 2.5 Hz, 1 
H), 7.95 (d, J = 9.6 Hz, 1 H), 5.90 (dt, J = 9.4, 2.8 Hz, 1 H), 5.63 (dt, J = 9.5, 2.8 Hz, 1 H), 2.84 (d, 
J = 10.6 Hz, 1 H), 2.70 – 2.59 (m, 1 H), 2.50 (dt, J = 18.3, 9.3 Hz, 1 H), 2.35 – 2.27 (m, 1 H), 2.27 
– 2.21 (m, 1 H), 2.02 – 1.91 (m, 1 H), 1.88 – 1.79 (m, 1 H), 1.79 – 1.71 (m, 1 H), 1.69 – 1.61 (m, 1 
H), 1.52 – 1.43 (m, 1 H), 1.43 – 1.31 (m, 1 H), 1.05 (d, J = 7.7 Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 169.5, 145.1, 137.5, 134.3, 130.1, 130.0, 128.9, 123.6, 116.4, 53.4, 
52.9, 44.1, 36.3, 32.0, 27.9, 26.5, 26.2, 21.6, 18.6. 
IR (thin film, salt plate) 3584, 2958, 1619, 1591, 1432, 1337 cm-1.  


























57-DNP (exo): Rf = 0.31 (4:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 10.85 (s, 1 H), 9.14 (d, J = 2.5 Hz, 1 H), 8.30 (dd, J = 9.5, 2.4 Hz, 1 
H), 7.96 (dd, J = 9.6, 4.7 Hz, 1 H), 5.71 (dt, J = 9.9, 2.8 Hz, 1 H), 5.54 (dt, J = 9.7, 2.0 Hz, 1 H), 
2.51 (t, J = 7.8 Hz, 2 H), 2.27 – 2.17 (m, 2 H), 2.10 – 1.97 (m, 3 H), 1.81 (dt, J = 12.3, 6.1 Hz, 1 
H), 1.73 – 1.55 (m, 4 H), 1.42 – 1.29 (m, 1 H), 1.19 (d, J = 7.0 Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 169.1, 145.2, 137.6, 130.0, 129.7, 129.6, 129.0, 123.6, 116.4, 54.1, 
49.4, 42.0, 39.7, 35.3, 34.2, 30.2, 25.7, 24.1, 19.7. 
IR (thin film, salt plate) 3315, 3013, 2954, 2871, 1618, 1336 cm-1. 






Diene migration in intermolecular Diels-Alder reactions:  
These Diels-Alder reactions were run as described in Table 9.  Compound 98a is characterized in 
Chapter 3 as a reference compound. 
 
 
97a: Rf = 0.56 in 9:1 pentane/diethyl ether 
1H NMR (400 MHz, CDCl3) ! 5.86 (ddt, J = 9.3, 5.8, 3.1 Hz, 1 H), 5.75 (dt, J = 9.6, 2.6 Hz, 1 H), 
3.49 (ddt, J = 10.2, 7.1, 3.6 Hz, 1 H), 3.03 (ddd, J = 18.1, 9.1, 4.0 Hz, 1 H), 2.76 (dqd, J = 11.4, 
5.4, 2.2 Hz, 1 H), 2.40 (ddd, J = 18.0, 5.5, 3.3 Hz, 1 H), 2.29 – 2.13 (m, 2 H), 2.01 (qt, J = 6.6, 3.7 
Hz, 1 H), 1.73 – 1.51 (m, 2 H), 0.97 (t, J = 7.4 Hz, 3 H). 
13C NMR (100 MHz, CDCl3) ! 212.58, 133.84, 125.92, 61.60, 51.37, 36.96, 26.95, 25.38, 22.18, 
12.02. 
APCI-LRMS (M+1)+ calculated for C10H15O 151.11, found 151.15. 
 
 
98b: Rf = 0.38 in 9:1 pentane/diethyl ether 
1H NMR (400 MHz, CDCl3) ! 5.62 (ddd, J = 9.9, 5.1, 2.5 Hz, 1 H), 5.36 (dt, J = 9.8, 1.6 Hz, 1 H), 
2.49 – 2.40 (m, 1 H), 2.35 (dd, J = 19.1, 8.9 Hz, 1 H), 2.28 – 2.18 (m, 1 H), 2.15 – 2.05 (m, 1 H), 
2.02 – 1.94 (m, 1 H), 1.94 – 1.84 (m, 1 H), 1.67 – 1.58 (m, 1 H), 1.54 (dd, J = 13.9, 10.1 Hz, 1 H), 
1.17 (d, J = 7.1 Hz, 3 H), 0.93 (d, J = 7.1 Hz, 3 H). 
13C NMR (100 MHz, CDCl3) ! 219.31, 132.55, 132.19, 77.32, 77.00, 76.68, 51.04, 41.92, 37.33, 





























General procedure18 for Baeyer-Villiger oxidation of cyclobutanones:  
Cycloadduct 62 or 63 (1 equiv) was dissolved in 2,2,2-trifluoroethanol (TFE, 0.15 M).  The 
solution was cooled to 0 oC.  H2O2 (5 equiv, 30 wt% in water) was added over 5 min.  The 
reaction was allowed to warm to ambient temperature over 12–14 h, quenched with water, 
extracted with diethyl ether, and concentrated under reduced pressure.  Crude lactone was 
purified by flash column chromatography (silica, pentane to 20% diethyl ether in pentane) to give 
103 (84%) or 104 (77%) as clear, colorless oils. 
 
 
103: Rf = 0.25 (4:1 hexanes/diethyl ether). 
Relative stereochemistry was confirmed through HSQC and NOE spectral analysis. 
1H NMR (400 MHz, CDCl3) ! 5.97 (s, 1 H), 4.78 (ap d, J = 6.9 Hz, 1 H), 2.54 (ap d, J = 17.8 Hz, 1 
H), 2.44 (dd, J = 16.3, 3.7 Hz, 1 H), 2.30 (dd, J = 18.2, 6.1 Hz, 1 H), 2.20 – 2.09 (m, 1 H), 2.08 – 
1.71 (m, 5 H overlapping), 1.68 – 1.55 (m, 1 H), 1.33 (ddd, J = 23.2, 12.4, 7.3 Hz, 1 H). 
13C NMR (100 MHz, CDCl3) ! 177.0, 131.7, 128.0, 83.3, 50.6, 43.5, 36.0 (2 overlapping signals), 
31.6, 25.8, 20.6. 
IR (thin film, salt plate) 3039, 2953, 1776 cm-1.  
EI-HRMS (M)+ calculated for C11H14O2 178.0994, found 178.0985. 
 
104: Rf = 0.32 (1:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 5.98 (dt, J = 9.0, 3.3 Hz, 1 H), 5.76 – 5.67 (m, 1 H), 4.64 – 4.57 (m, 
1 H), 2.43 (d, JAB = 18.2 Hz, 1 H), 2.39 - 2.29 (m, 1 H), 2.17 - 2.07 (m, 1 H), 2.00 (overlapping d, 
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10.8, 8.3, 2.6 Hz, 1 H), 1.70 – 1.57 (m, 2 H), 1.36 (qd, J = 12.2, 6.8 Hz, 1 H), 1.23 (d, J = 7.4 Hz, 
3 H). 
13C NMR (100 MHz, CDCl3) ! 177.0, 134.7, 132.1, 87.3, 51.7, 44.5, 36.9, 36.0, 35.6, 25.3, 21.1, 
15.1. 
IR (thin film, salt plate) 3026, 2961, 2875, 1771, 1191, 985 cm-1.  







General procedure for LiAlH4 reductions: 
Substrate (1 equiv) was dissolved in anhydrous diethyl ether (0.1 M) at ambient temperature, 
then cooled to 0 oC.  LiAlH4 (1 equiv, 2.0 M THF or 1.0 M diethyl ether) was added over 5 min.  
After stirring 30 min, the reaction was quenched by dropwise addition of water.  The mixture was 
diluted with water and diethyl ether, extracted with diethyl ether, and concentrated under reduced 
pressure.  Crude products were purified through a short silica column if needed (silica, 1:1 
pentane/ diethyl ether), or crystallized.  105 (96%) and 106 (90%) were isolated as white solids. 
 
 
105: Rf = 0.56 (diethyl ether).  
1H NMR (400 MHz, CDCl3) ! 5.61 (dd, J = 9.7, 2.2 Hz, 1 H), 5.55 (dq, J = 9.6, 3.1 Hz, 1 H), 3.92 – 
3.65 (m, 3 H and 2 OH), 2.56 – 2.42 (m, 1 H), 2.37 – 2.25 (m, 1 H), 2.25 – 2.12 (m, 1 H), 2.02 
(dd, J = 12.8, 8.4 Hz, 1 H), 1.87 – 1.56 (m, 4 H), 1.49 – 1.33 (m, 1 H), 1.29 – 1.12 (m, 2 H). 
13C NMR (100 MHz, CDCl3) ! 127.3, 126.7, 77.5, 59.1, 49.1, 48.5, 34.8, 31.9, 27.4, 25.2, 20.9. 
IR (thin film, salt plate) 3240 (br, OH), 3023, 2952, 2876, 1039 cm-1.  
EI-HRMS (M)+ calculated for C11H18O2 182.1307, found 182.1306. 
 
106: Rf = 0.46 (diethyl ether).  
1H NMR (400 MHz, CDCl3) ! 5.57 (d, J = 4.3 Hz, 2 H), 3.87 (d, J = 8.5 Hz, 1 H), 3.76 (dd, J = 9.8, 
3.3 Hz, 2 H), 3.42 (br s, 2H overlapping), 2.74 (td, J = 6.8, 5.9, 2.5 Hz, 1 H), 2.34 – 2.24 (m, 1 H), 
2.07 (dd, J = 12.7, 8.3 Hz, 1 H), 1.91 – 1.70 (m, 3 H), 1.62 (dt, J = 21.2, 11.2 Hz, 1 H), 1.44 (td, J 
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13C NMR (100 MHz, CDCl3) ! 134.4, 125.4, 79.5, 59.3, 49.4, 48.1, 37.0, 32.5, 28.2, 25.2, 21.2, 
15.9. 
IR (thin film, salt plate) 3227 (br), 3016, 2954, 2876, 1456, 1115, 1042 cm-1.  





General procedure for Baeyer-Villiger oxidation of 54 and 58: 
Cycloadduct 54 or 58 (1 equiv) was dissolved in anhydrous CH2Cl2 (0.05 M) at ambient 
temperature.  NaHCO3 (1.5 equiv) was added, and the mixture was cooled to 0 oC.  mCPBA 
(1.1eq, 77% activity) was added in one portion.  The reaction was warmed to ambient 
temperature over 2 h, upon which time it was quenched with saturated aqueous NaHCO3, then 
extracted with CH2Cl2.  Combined organic layers were washed with brine, dried over MgSO4, and 
then concentrated under reduced pressure.  Crude product was purified by flash column 
chromatography (silica, hexanes to 50% diethyl ether in hexanes) to give lactones 107 (84%) or 
108 (77%) as clear, colorless oils. 
 
These lactones were reductively fragmented by treatment with LiAlH4, as described in general 
procedure above, giving 109 (94.7%) and 110 (95.0%) respectively. 
 
 
107 lactone: Rf = 0.35 (1:1 hexanes/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 5.68 (dq, J = 9.6, 2.2 Hz, 1 H), 5.59 (dq, J = 9.9, 3.3 Hz, 1 H), 4.45 
(ddd, J = 9.5, 7.6, 2.3 Hz, 1 H), 2.90 – 2.76 (m, 1 H), 2.71 – 2.61 (m, 2 H), 2.28 (ddt, J = 12.5, 8.2, 
3.3 Hz, 1 H), 2.07 (ddq, J = 18.6, 9.2, 3.1 Hz, 1 H), 1.98 – 1.74 (m, 5 H), 1.46 – 1.29 (m, 3 H). 
13C NMR (100 MHz, CDCl3) ! 171.0, 127.0, 125.2, 83.7, 46.4, 41.8, 34.2, 32.5, 26.5, 25.1, 20.3, 
17.6. 
Relative stereochemistry confirmed by NOE. 
IR (thin film, salt plate): 2955, 2875, 1737 cm-1.  
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108 lactone: Rf = 0.32 (1:1 hexanes/diethyl ether).  
1H NMR (400 MHz, CDCl3) ! 5.69 (dd, J = 9.7, 2.3 Hz, 1 H), 5.58 (dq, J = 9.8, 3.3 Hz, 1 H), 4.38 
(ddd, J = 10.9, 7.4, 1.4 Hz, 1 H), 2.88 – 2.77 (m, 1 H), 2.72 – 2.60 (m, 1 H), 2.60 – 2.47 (m, 2 H), 
2.34 (m, 1 H), 1.99 – 1.92 (m, 1 H), 1.88 – 1.59 (m, 6 H), 1.50 – 1.25 (m, 3 H). 
13C NMR (100 MHz, CDCl3) ! 174.8, 127.9, 125.0, 85.6, 50.0, 47.2, 38.0, 31.4, 31.2, 25.1, 24.4, 
20.7, 18.9. 
Relative stereochemistry confirmed by NOE. 
IR (thin film, salt plate) 3026, 2949, 2866, 1722, 1199, 1115, 1052 cm-1. 
EI-HRMS (M)+ calculated for C13H18O2 206.1307, found 206.1299. 
 
109 diol: Rf = 0.33 (diethyl ether).   
1H NMR (400 MHz, CDCl3) ! 5.65 – 5.51 (m, 2 H overlapping), 3.89 (dd, J = 9.6, 6.9 Hz, 1 H), 
3.62 (t, J = 6.3 Hz, 2 H), 2.56 – 2.44 (m, 1 H), 2.21 – 2.06 (m, 2 H), 2.05 – 1.86 (m, 2 H), 1.84 – 
1.38 (m, 8 H), 1.29 – 1.13 (m, 1 H), 1.05 (ddd, J = 17.8, 11.5, 3.5 Hz, 1 H). 
13C NMR (100 MHz, CDCl3) ! 127.6, 126.5, 79.2, 64.2, 49.0, 48.0, 34.5, 32.4, 29.2, 25.6, 21.6, 
21.3. 
IR (thin film, salt plate) 3342, 3028, 1951, 2872, 1054 cm-1. 
EI-HRMS (M)+ calculated for C12H20O2 196.1463, found 196.1466. 
 
110 diol: Rf = 0.30 (diethyl ether).  
1H NMR (400 MHz, CDCl3) ! 5.61 (ap d, J = 10.4 Hz, 1 H), 5.60 – 5.50 (m, 1 H), 3.89 (ddd, J = 
10.0, 6.8, 3.9 Hz, 1 H), 3.66 (q, J = 5.9 Hz, 2 H), 2.60 – 2.41 (m, 1 H), 2.22 – 2.04 (m, 2 H), 2.01 
(dd, J = 11.3, 7.5 Hz, 1 H), 1.85 – 1.63 (m, 4 H), 1.60 – 1.48 (m, 4 H), 1.48 – 1.36 (m, 3 H), 1.22 – 
1.12 (m, 1 H), 1.03 – 0.92 (m, 1 H). 
13C NMR (100 MHz, CDCl3) ! 127.6, 126.5, 79.3, 62.5, 49.0, 48.2, 34.5, 34.0, 32.3, 25.6, 25.1, 
22.0, 21.3. 
IR (thin film, salt plate) 3333 (br), 3021, 2948, 2871, 1050 cm-1. 





Bis(trimethylsilyl) peroxide (BTSP): 
Neat BTSP was prepared in an adaptation from literature procedure,19 using commercial urea-
hydrogen peroxide complex instead of preparing diazabicyclooctane-hydrogen peroxide complex. 
 
General procedure20 for BTSP reactions: 
Methylated cycloadduct 56 or 60 (1 equiv) was dissolved in CH2Cl2 (0.1 M).  The solution was 
cooled to 0 oC.  Bi(OTf)3 (5 mol%) was added in one portion (alternate Lewis acids are used in 
literature), followed by dropwise addition of neat BTSP (2 equiv).  The mixture was stirred at 0 oC 
for 1.5 - 2 h.  Upon consumption of starting material as indicated by TLC, excess solid sodium 
bisulfite was added to quench the oxidant.  The mixture was stirred 5 min at ambient temperature, 
filtered, and directly concentrated under reduced pressure.  Crude oxidized products were 
purified by flash column chromatography (silica, pentane to 50% diethyl ether in pentane) to give 
111 (77%) or 113 (51%) as clear, colorless oils. 
 
Lactone 111 was reductively fragmented by treatment with LiAlH4, as described in general 






























113 was reduced treatment with LiAlH4, also as described in general procedure on page S16, 
giving diol 114 (93.3%). 
 
111 lactone: Rf = 0.31 (1:1 hexanes/diethyl ether). 
Relative stereochemistry was confirmed through HSQC and NOE spectral analysis. 
1H NMR (500 MHz, CDCl3) ! 5.64 (d, J = 9.7 Hz, 1 H), 5.57 (dt, J = 9.6, 2.9 Hz, 1 H), 4.55 (dd, J 
= 9.0, 2.5 Hz, 1 H), 2.95 (pd, J = 7.9, 2.9 Hz, 1 H), 2.66 – 2.59 (m, 1 H), 2.26 (ddt, J = 10.0, 4.7, 
2.3 Hz, 1 H), 1.95 – 1.87 (m, 2 H), 1.87 – 1.79 (m, 2 H), 1.46 – 1.27 (m, 3 H), 1.08 (d, J = 7.8 Hz, 
3 H). 
13C NMR (125 MHz, CDCl3) ! 171.4, 132.8, 125.6, 85.9, 46.5, 41.7, 36.2, 33.4, 26.8, 25.2, 20.6, 
18.3, 17.1. 
IR (thin film, salt plate) 3022, 2958, 2876, 1731, 1176, 1109, 1053 cm-1. 
FAB-HRMS (M+H)+ calculated for C13H19O2 207.1385, found 207.1374. 
 
113 !-hydroxy ketone: Rf = 0.29 (2:1 pentane/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 5.64 (dt, J = 10.0, 1.9 Hz, 1 H), 5.46 (dt, J = 9.9, 3.1 Hz, 1 H), 4.30 
(d, J = 6.5 Hz, 1 H), 3.61 (s, 1 H), 2.72 (ddt, J = 10.7, 5.7, 2.9 Hz, 1 H), 2.63 – 2.44 (m, 3 H), 2.32 
– 2.22 (m, 1 H), 2.06 – 1.97 (m, 1 H), 1.92 – 1.76 (m, 4 H), 1.47 – 1.26 (m, 4 H), 0.91 (d, J = 7.7 
Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 213.0, 133.8, 124.7, 76.7, 50.3, 48.2, 43.8, 34.9, 34.3, 32.4, 25.2, 
22.6, 20.9, 18.7. 
IR (thin film, salt plate) 3012, 2963, 2869, 1705, 1457 cm-1. 
FAB-HRMS (M+H)+ calculated for C14H21O2 221.1542, found 221.1530. 
 
112 diol: Rf = 0.51 (diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 5.57 (ap s, 2 H), 3.93 (d, J = 8.0 Hz, 1 H), 3.58 (tt, J = 10.3, 5.2 Hz, 
2 H), 2.77 – 2.70 (m, 1 H), 2.19 – 2.12 (m, 1 H), 2.04 – 1.91 (m, 2 H), 1.84 – 1.67 (m, 4 H), 1.67 – 
1.51 (m, 3 H), 1.49 – 1.37 (m, 2 H), 1.22 – 1.10 (m, 1 H), 1.13 (d, J = 7.7 Hz, 3 H). 
  
126 
13C NMR (125 MHz, CDCl3) ! 133.5, 125.9, 81.3, 64.4, 49.6, 48.2, 36.9, 32.8, 29.0, 25.6, 22.9, 
21.4, 15.1. 
IR (thin film, salt plate) 3369 (br), 3014, 2917, 2347, 1458, 1050 cm-1.  
EI-HRMS (M)+ calculated for C13H22O2 210.1620, found 210.1614. 
 
114 diol: Rf = 0.54 (diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 5.92 (dt, J = 7.2, 3.4 Hz, 2 H), 5.87 – 5.80 (m, 2 H), 3.97 (s, 1 H), 
3.72 (d, J = 6.9 Hz, 1 H), 2.50 (dt, J = 7.2, 4.0 Hz, 2 H), 2.07 (td, J = 13.8, 13.3, 4.9 Hz, 2 H), 1.81 
(dtd, J = 26.2, 10.4, 9.2, 5.4 Hz, 10 H), 1.56 – 1.41 (m, 2 H), 1.33 (d, J = 7.3 Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 135.1, 131.6, 72.2, 69.7, 48.4, 48.1, 47.7, 36.0, 32.9, 26.3, 24.0, 
22.4, 21.6, 16.1. 
IR (thin film, salt plate) 3395 (br), 3025, 2950, 2874, 1062 cm-1. 
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Chapter 3.  Halogenated Cyclobutenones 
3.1  Introduction 
 
 During preparation of cyclobutenone IMDA precursors in Chapter 2, we reasoned that the 
problematic unraveling of structures like 1 could be facilitated by the Lewis acid used to catalyze 
IMDA reactions throughout the chapter (Figure 1).  This treatment successfully gave structures 
like 2 when the amount of acid and duration of exposure were limited.  When these boundaries 
were pushed, intentionally or not, 2 easily underwent facially selective IMDA reactions to give 
structures like endo-3.  It appeared that this Lewis acid-catalyzed IMDA reaction was accelerated 
compared to that of deshalo substrates, sometimes reacting before 2 could be dehalogenated.  
These halogen-bearing rings were also more prone to decomposition. 
 
Figure 1.  Sample halogenated cyclobutenone IMDA reaction 
 
 
Several derivatives were made of these halogenated cycloadducts.  One such reaction 
resulted in Favorskii ring contraction product 4 (Figure 2).  4 appears to have formed through a 
semi-benzilic mechanism, whereby hydroxide attacks the carbonyl, precipitating an alkyl shift by 
halogen displacement, thus contracting the cyclobutanone ring as drawn.1 
  




























 In light of these observations, we wondered if we could incorporate substituents to 
modulate the properties of intermolecular cyclobutenone.  Two examples of Diels–Alder reactions 
of substituted cyclobutenones are known, and were previously discussed for their competing 
factors of electronic activation versus high sensitivity to steric hindrance.2,3  Simple halogenation 
has yet to be explored.  With our findings shown in Figure 2, we believed that theoretical 
intermolecular analogs might be sufficiently activated to overcome the steric bulk of halogen 
substitution (recall that only cyano-substitution had been found to be acceptable to this point).  A 
halogen could also allow the flexibility of a reactive handle on the product for further reaction.  As 
shown in Figure 3, we proposed substitution at any position of the cyclobutenone ring, starting 
with halogenation.  Electron donating groups like thiophenol might be useful after the proposed 
Diels–Alder event, and could be an interesting future development.  Early work done with visiting 
scientist Jessie Joussot suggests that an !’ thiophenol reverses the direction of cyclobutanone 
ring expansion, thus providing an access point for dienophilic equivalents of cyclopentenones, "-
butenolides, pyrrolidinones, “antiaromatic” cyclopentadienone, and other structures.  In this way, 
we envision cyclobutenone to be a more reactive or practical form of structurally useful but 
inaccessible or unreactive dienophiles. 
 






3.2   Preparation of halogenated cyclobutenones 
A first attempt was quickly made to test the feasibility of our hypothesis.  An obvious way 
to prepare a halogenated cyclobutenone with available materials was as shown in Figure 4.  5 
was brominated in its stock chloroform solution, then treated with a non-nucleophilic amine base 
and filtered to generate 7 in situ.  Prepared this way, 2-bromocyclobutenone 7 decomposed 
within a day in solution.  In comparison, 5 can last six or more months in solution without 
significant decomposition.  This is a flawed route and comparison, of course, as remnants of 
bromine and base could react with each other, 7, or a diene.  Nonetheless this showed that 
compounds like 7 could be synthesized. 
 
Figure 4.  Synthetic route to 2-bromo cyclobutenone 7 
 
 
Cyclobutenone 5 was not easy to come by at the time, and so this idea was put on the 
back burner until compounds like 7 could be prepared more practically.  For example, some 
substituents could be incorporated if they were put in place from the start of an alternate synthetic 
route.  This was fortunately unnecessary. 
Recall that during the preparation of cyclobutenone pre-IMDA substrates, a lithiated alkyl 
nucleophile 8 was added to easily-prepared 3-ethoxy-4-halo cyclobutenone 9 (Figure 5).  3-Alkyl-
4-halo cyclobutenone 11 was then generated upon unraveling of intermediate alcohol 10.  Here 
the 4-halogen group served to allow easier access to 10 and 11.  The halogen was promptly 
removed.  In this proposal, halogens would be further utilized beyond this singular purpose.  It 
was planned to add a hydride to 9 in place of an alkyl nucleophile.  In theory, this would give 4-











Figure 5.  IMDA project-inspired plan to 4-halogenated cyclobutenones 
 
 
 We knew from earlier work that cyclobutenones are generally more stable when more 
sterically hindered from reaction by substituents.  In this proposal, we would have no alkyl groups 
on the highly electrophilic 3-position, and so there was concern about being able to handle 10 
and its conversion to 11 where R = H.  Two related cases were found in the literature (Figure 6).  
Kowalski and Lal reduced compound 12 and directly obtained 14 after mild aqueous acid work-
up.4  Semmelhack and coworkers applied this sequence to prepare compound 16.5  These 
accounts supported our general idea of reduction-elimination to a 3-unsubstituted cyclobutenone; 
however, both examples have large alkyl groups providing protection from decomposition or 
hydrolysis that we would not have.  The same reduction-elimination concept has also been used 
on vinylogous esters of less vulnerable ring systems.6 
 




A small library of halogenated 3-ethoxy cyclobutenones was prepared for this idea in 












.                 11
X = halogen



































cyclobutenone structure as well as diversified IMDA cycloadducts.  Compounds 17–19 were 
prepared by [2+2] addition of ethoxyacetylene to the appropriate halo-ketene species.  Further, 
19 was treated with bromine and sodium bicarbonate base to give 20. 
  




The proposed route was started as described in Figure 8.  Reduction of compounds 17–
20 required a gentle hand.  Diisobutylaluminum hydride (DIBAL) proved to be an agreeable 
source of hydride when coupled with a mild work-up; lithium aluminum hydride was harsher and 
failed for more sensitive substrates.  In a happy surprise, not only could alcohols 21–22 be 
isolated, but they were found to be stable to neat storage at 0 oC, neutral water, aqueous 
solutions of Rochelle’s salt, and even brief exposure to silica gel.  These fluffy solids could also 
be crystallized.  This allayed our concerns about purity or possible concentrations of the final 
targets in solution. 
 
Figure 8.  Reduction of 3-ethoxy halo cyclobutenones  
 
 
 Elimination of alcohols 21–24 was not as straightforward (Figure 9).  We hoped to find 
non-aqueous, non-nucleophilic conditions that were compatible with the in situ use of eliminated 
product as a dienophile.  Acids and drying reagents were screened in NMR reactions.  Most 
















































thus far have been seen from treatment with catalytic boron trifluoride etherate or Bi(OTf)3, 
starting at 0 oC, then stirring at ambient temperature until completion.  This generally took 1–24 
hours.  Addition of more acid quickly resulted in decomposition.  All of the described halo 
compounds were protected from light as a precautionary measure. 
 




Based on preliminary results, final products 25–28 are assigned the 1H NMR shifts as 
indicated in blue on Figure 10.  The 1H NMR shifts of cyclobutenones 5 and 7 are included for 
comparison.  Like 5, possible characterization is limited as all of these compounds must be kept 
in solution.  Unlike 5, compounds 25–28 are generated in situ and their spectra contain other 
components.  The distinctive 1H NMR singlets of the compounds in Figure 10 are easily identified. 
However, cleaner characterization would be helpful to support structural assignments.  This may 
be pursued in the future. 
 



































































The route toward 7 was revisited when supplies of precursor 5 were replenished.  Both 
exothermic steps were optimized (Figure 11).  Compound 6 was isolated in quantitative yield by 
direct concentration.  This way, unreacted bromine was removed by evaporation, and the desired 
concentration of 7 could be targeted by the amount of deuterated chloroform solvent used in the 
final step.  Bromination compound 6 was consistently formed as a 2.4:1 mixture of diastereomers.   
Elimination of 6 required different conditions than we had previously employed, i.e., an 
amine for a homogeneous liquid phase reaction, or dry sodium bicarbonate as used for 3-ethoxy 
cyclobutenones.  The latter heterogeneous condition was unreliable at higher concentrations of 6, 
even with one hundred equivalents of base.  The more organic-soluble cesium carbonate was 
found to eliminate 6 to 7 effectively without requiring a large excess of base.  Elimination took as 
little as two hours if the solid cesium carbonate were vigorously stirred throughout the solution.  
Upon completion, 7 could be used as is, or filtered to remove the base.  Filtration also removed 
some 7 from solution; one such run gave 7 in 67% yield over two steps.  Molarity of the stock 
solution may be measured through use of an internal reference by 1H NMR spectroscopy.  The 
solution may be diluted.  Concentration was not attempted, although 7 is likely not as volatile as 5 
(BP ~90 oC). 
 





There is potential for hydrobromic acid in solutions of 7.  Deuterated chloroform solutions 
of 7 (~0.7 M) prepared this way were stable to storage at 0 oC for about one week.  Inclusion of a 







0 oC, 30 min
1.2 equiv Cs2CO3
0 oC to rt, 2 hr+
67%, 2 steps
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3.3  First Diels–Alder reactions of 2-halogenated cyclobutenone 
 
2-bromo cyclobutenone (7) could be reliably prepared in good quality and on sufficient 
scale for further use.  Bromination at the cyclobutenone !-position was anticipated to raise the 
already high dienophilicity of the parent 5 by lowering its dienophilic LUMO.  Our group has 
ongoing studies using !"substitution of cyclopentenone and cyclohexenone to activate the 
dienophiles for Diels–Alder reaction.  Some ! groups can be used to convert the cycloadduct’s 
primary junction from cis to trans when the trans form is more thermodynamically stable.7-10   
Preliminary experiments show halogenated 7 to indeed be a more reactive dienophile 
than deshalo 5.  Three representative Diels–Alder reactions are described in Table 1.  All 
reactions gave single cycloadducts.  It is unclear if substitution affects endo directivity, as all 
cases were past the threshold of only observing endo addition products.  Reaction molarity varied 
across different batches run at different times; reactions with 5 were generally more concentrated.  
Although not standardized, these results are qualitatively useful. 
Reaction of 2,4-hexadiene (29a) with 5 requires Lewis acid catalysis and heat to give 30a 
in a reasonable yield (74%, entry 1).  When left at ambient temperature, only 38% conversion 
was observed after about three and a half days (entry 2).  In comparison, brominated 7 gave 
product 31a in 95% isolated yield after just 18 hours at ambient temperature (entry 4).  Both 
dienophiles only gave product resulting from endo addition of an E,E diene geometry. 
Similar results were seen with dienes 29b and 29c.  While 5 needed Lewis acid and heat 
to give products 30b and 30c (entry 5, entry 7), 7 gave 31b and 31c in good yield under milder 
conditions (entry 6, entry 8).  Cycloaddition with isoprene (29c) produced one regioisomer. 
At first glance, the comparison reaction with Dane’s diene (29d) simply follows the same 
pattern.  Yet this example deserves special attention for two reasons: olefin isomerization with 7, 
and consistent regioselectivity in both cases studied.  The first point is directly related to this 
program.  Product 31d was obtained as an isomer of the direct Diels–Alder product.  In standard 
steroid numbering, the initial #9(11) cyclohexene double bond isomerized to #8(9) connecting the B 
and C rings.  From reaction of 29d with 5, we know that the direct product 30d is obtained under 
thermal and careful Lewis acid catalyzed conditions.  A postdoctoral fellow in the group, Dr. Robin 
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Grote, provided Dane’s diene and attempted to isomerize the olefin of isolated 30d from !9(11) to 
!8(9).  The sensitive compound decomposed when treated with 1% hydrochloric acid.  Yet fully or 
partially isomerized 30d could be isolated from a catalyzed Diels–Alder reaction run with less 
care, which we attributed to protic acid formation from trace water.   
 
Table 1. Comparative Diels–Alder reactions of 5 and 7 
 
 
Diene  Entry DA M in Conditions  Product, yield a  
(eq = equiv)  Type CDCl3  5 ! 30 7 ! 31  








1 equiv ZnCl2,  






2 ! 0.6 M rt, 85 hr (3.5 d) 30a 38%   
3 ! 0.2 M rt, 18 hr   31a 85% 
4 ! 0.7 M rt, 18 hr   31a 95%          








1 equiv ZnCl2,  




68%   
 6 ! 0.7 M rt, 20 hr   31b
10 89% 
         
7 LA  1 equiv ZnCl2,  
45 oC, 24 hr 
30c11 68%   
 8 ! 0.7 M rt, 18 hr   31c 66% 
         
9 LA 0.6 M 3 equiv BF3·OEt2,  
-50 oC, 20 min 
30d 84%   
10 ! 0.6 M   45 oC, 24 hr  30d 78%   
11 ! 0.2 M   rt, 18 hr   31db 60% 
 10 ! 0.7M rt,  2 hr   31d
b 91% 
         
a Isolated yield. b 31d cyclohexene bond isomerized !9(11) to !8(9), still meta regiochemistry only. 
 
It thus appears that enough protic acid is in the solution of 7 to give isomerization, but not 
enough to decompose the product.  Hydrobromic acid is the most likely culprit, perhaps present 
from not being soaked up by cesium carbonate or from gradual decomposition of 7 itself.  In 






30  X = H
31  X = Br
5  X = H





















not directly compare the experimental reactivity of 7 to 5, as trace hydrobromic acid may give 7 
an outside boost in observed dienophilicity.  Reaction of Dane’s diene with 5 gives the same 
result when run with stoichiometric pyridine.  A similar base or buffer may be needed for strict 
comparisons and longer shelf life of 7.  One might also try to catalyze Diels–Alder reactions of 5 
with hydrobromic acid.  It is likely that 5 would react, polymerize, or decompose. 
 The second reason that entries 7–10 are interesting is that all of them gave the same 
regiochemistry in cycloaddition.  This consistency might be taken for granted in the present day.  
Yet a reader versed in steroid total syntheses would recognize this result as unusual. 
 Dane’s diene (29d) has a long and storied role in Diels–Alder chemistry.  In 1938, Dane 
proposed that 29d could quickly form an ABCD steroidal core upon cycloaddition with 3-methyl-3-
cyclopentene-1,2-dione (32) (Figure 12).12-14  At the time it was difficult to identify which products 
had formed due to poor yields, decomposition, isomerization, and the characteristic lack of 
regioselectivity with diene 29d.15-18  There was much dispute over the structural identity of six 
isolated products.  Dane’s hypothesis was abandoned as it was eventually found that the desired 
compound 33 was only isolated as a minor product, if at all.  The opposite regiochemistry 
dominated to favor 34 and its !8(9) isomer instead.  This latter regiochemical orientation was 
termed ortho, as the angular methyl ended up in an ortho relation to C4 of diene 29d. 
 


































The observed lack of regiocontrol with 29d made the diene useful as an “orientation 
probe” of dienophiles.19  Some interest in Dane’s hypothesis was revived after Lewis acid 
catalysis was introduced,20 but was tempered by the difficulty to catalyze cycloalkenone 
dienophiles like 32.  This approach toward steroids was finally validated and reduced to practice 
five decades after being proposed.21  A direct enantioselective synthesis was reported after two 
further decades.22 
Successful conditions for Lewis acid catalysis of 29d were eventually developed.  In a 
series of elegant studies by Valenta, it was found that Lewis acid catalysis strongly inverted the 
orientation preference of cycloaddition with 29d and various dienophiles, including quinones.23,24  
Traditional thermal Diels–Alder conditions favored ortho orientation if there were any selectivity, 
while Lewis acid catalysis strongly favored the originally anticipated meta orientation with simple 
dienophiles.  2- or 6-Methoxyquinones can be directed to add ortho or meta depending on the 
coordination mode of the Lewis acid employed.19,25,26 
The regulatory potential of Lewis acid on regioselectivity was known at the time.27  Yet 
29d is a special case.  The question here is if cycloaddition was directed by alkyl C4, or the 
distant methoxy of C3, respectively resulting in ortho or meta products.  In other words, what 
determines which of the two new bonds begins to form first in the concerted but asynchronous 
Diels–Alder transition state, consequently establishing the regiochemistry of the product. 
A related compound from our group comes from the total syntheses of coriolins.28 
Compound 35 (Figure 13) served as a regioselectivity probe for dienes.  It was known that 
nucleophiles added to the !-position regardless of addition method.  This was rationalized by the 
greater energetic benefit to rehybridize the bridgehead !-position from sp2 to sp3.  It was likewise 
found that Diels–Alder reactions “initially bond” at the !-position.  The orientation of dienes was 
less predictable.  Under thermal conditions, direction by methyl or methoxy groups at C1 of a 
general diene overrode silyloxy groups at C2 or C3.  This pattern is in agreement with the ortho 




Figure 13.  Dienophile regioselectivity probe from synthesis of coriolins28 
 
 
The significance of entries 7–10 of Table 1 all giving the same meta regiochemistry is 
now clear.  Cyclobutenone substrates 5 and 7 override the well-established regiochemistry 
patterns of Dane’s diene (29d) by giving meta product under either thermal or Lewis acid 
catalyzed conditions.  To our knowledge, our cyclobutenones 5 and 7 are the first class of 
dienophiles that only give meta Diels–Alder adducts with diene 29d. 
This unusual result gets to the question of the asynchronous nature of the Diels–Alder 
reaction, and to the unique properties of cyclobutenone rings.  We hypothesize that because 
these particular dienophiles are exceptionally electrophilic Michael acceptors, they also force 
greater inherent asynchronicity in a Diels–Alder transition state, perhaps reaching the extreme of 
a stepwise process.  As illustrated in Figure 14, the shorter dotted bond connecting starting 
materials represents more advanced bond formation as directed from the remote methoxy group.  
Normally exclusive meta regioselectivity is only seen under Lewis acid catalysis.  In a way, 
cyclobutenone may be self-activated enough to match the effects of catalysis on other more 
classical dienophiles, in terms of both endo and meta selectivity. 
 

























29c 5  X = H
7  X = Br
30c  X = H
31c  X = Br
iso-30c  X = H
iso-31c  X = Br
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Other halogenated cyclobutenones (see Figure 10) may be studied in the future.  Brief 
studies suggest that 2,4-dibromo cyclobutenone (24) is a comparable dienophile to 2-bromo-
cyclobutenone (7).  4-Substituted cyclobutenones 25–27 seem to be worse off after substitution, 
with greater instability overpowering potential enhanced reactivity.  Perhaps this result is not a 
shock as the 4-position does not affect the dienophile as directly as the 2-position.   Yet it is 
premature to dismiss these compounds without some effort to harness their reactivity.  The 
diversity of possible halogenation patterns could be utilized in several directions.   
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3.4  Illustrative use of halogen handle in cycloadducts 
 
 Halogenated cyclobutanone products 31 are amenable to different following chemistry 
than deshalo variants.  For an illustrative example, compounds 31 were treated with sodium 
hydroxide to give quasi-Favorskii ring contraction products 36 (Table 2).  Unoptimized yields are 
reported for this facile reaction.  Deshalo starting materials are stable to these conditions. 
 
Table 2. Quasi-Favorskii ring contraction 
 
 
Entry              Starting Material             Product Yield a 







































      
a Isolated yield (unoptimized). 
 
 
As thought earlier in contraction of a halogenated IMDA cycloadduct, this reaction most 
likely proceeds via a semi-benzilic mechanism.29  A different product was seen in the IMDA case, 
which came from a 4-halo cyclobutenone, and these examples coming from a 2-halo 




































positioning.  A classical Favorskii contraction mechanism would require passing though a [1.1.0] 
bicycle, which could collapse to two regioisomers if it could form at all.  In both (A) and (B), single 
products of type 36 or 38 were observed.  These products more likely result from addition of 
hydroxide to the carbonyl, followed by rearrangement to the final products.  One product is 
possible from this mechanism, and it is guided by the position of bromine as a leaving group.   
 





 Substrate 31a reacted differently.  When exposed to the conditions used to contract its 
counterparts in Table 2, a net replacement of bromide with hydroxide occurred to give 37 (Figure 
16).  Treating 31a with sodium methoxide also gave replacement product 38, suggesting that 
there is not internal nucleophilic delivery.  The mechanism of replacement is unconfirmed.  Our 
theory is that sterically encumbered 31a is more amenable to softer capture of its enolic allylic 
cation30 than hard nucleophilic addition.  In analogy to regioselectivity probe 35, rehybridization 
should be more beneficial at the junction position than at the remote methylene, thus rationalizing 
























(B) 4-halo cyclobutenone products
(A) 2-halo cyclobutenone products
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3.5  Conclusion 
 
Early development work of halogenated cyclobutenones shows their promise as highly 
activated dienophiles.  Halogenation can enhance dienophilicity and be used as a reactive handle 
on cycloaddition products, yet must be balanced with greater thermal instability.  Two routes were 
shown that allow access to a variety of halogenated cyclobutenones.  The route to 2-bromo- 
cyclobutenone (7) has been optimized. 
There is potential for further use of these Diels–Alder reactions and adducts.  Some ideas 
were discussed.  Halogenated cyclobutenones themselves, 4-halogenated forms in particular, 
could additionally be used to study fundamental academic questions raised earlier.  For example, 
it may be more pragmatic to probe aromaticity and antiaromaticity through these compounds.  
Treatment of 3-halogenated cyclobutenones with silver salts might allow access to cationic 
cyclobutenone (possibly aromatic), while antimony pentachloride (SbCl5) could be used in 
attempt to complex the Lewis basic anionic cyclobutenone (possibly antiaromatic).  Both ideas 
could make use of the new halogen handle to study fundamental questions. 
This project also showcases the cross-fertilization between our work on cyclobutenone as 
an intermolecular and intramolecular Diels–Alder dienophile, and how these projects cohesively 
fit into the group’s research interests. 
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3.7  Experimental for Halogenated Cyclobutenones 
Non-aqueous reactions were either performed in oven- or flame-dried glassware under positive 
argon pressure, or in NMR tubes without special precautions if less sensitive.  Unless otherwise 
noted, reagents and anhydrous solvents were purchased at the highest commercial quality and 
used without further purification.  CH2Cl2 was freshly distilled from CaH2.  Reactions were 
monitored by 1H NMR and/or thin-layer chromatography on Merck silica gel plates (60-F254), 
which were visualized with UV light and KMnO4 stain.  Organic solutions were concentrated 
under reduced pressure using a Büchi rotatory evaporator.  Chromatography was performed with 
Sorbent Technology silica gel 60 (particle size 32–63 µm).  Yields are reported for isolated, 
spectroscopically homogeneous material unless otherwise indicated. 
 
NMR spectra were recorded on Bruker DRX 300, 400, or 500 MHz spectrometers.  Abbreviations 
for 1H NMR are as follows: br = broad, ap = apparent, s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet.  When useful, 13C NMR carbon multiplicities were determined by 
Heteronuclear Single Quantum Coherence (HSQC) spectroscopy, and stereochemical 
relationships were determined by Nuclear Overhauser Effect (NOE) and Correlation (COSY) 
spectroscopy.  IR spectra were recorded in inverse wavenumbers (cm-1) on a Nicolet AVATAR 
370 DTGS spectrometer.  High-resolution mass spectra (HRMS) were obtained on a JEOL HX 





Quasi-Favorskii ring contraction general procedure: 
Substrate (1 equiv) was dissolved in acetonitrile (2 mL) at ambient temperature.  Aqueous NaOH 
(1.0 mL of 1.0 M solution) was added dropwise.  These volumes were used for small scale 
reactions.  The clear, colorless solution quickly developed an intense yellow color upon addition 
of base, which became red over several minutes.  After 30 min, the reaction was quenched with 
addition of aqueous HCl (1.0 M), which decolorized the solution.  Products were extracted out 
with ether.  Combined organic layers were washed with water and brine, dried over MgSO4, 
filtered, and concentrated under reduced pressure.  Acid products could be purified by flash 
column chromatography, or by crystallization. 
 
4: Partial characterization provided. 
1H NMR (400 MHz, CDCl3) ! 5.65 (d, J = 9.8 Hz, 1 H), 5.46 (td, J = 6.4, 3.0 Hz, 1 H), 2.44 – 2.31 
(m, 2 H), 2.10 (s, 1 H), 1.96 – 1.85 (m, 2 H), 1.82 (d, J = 3.5 Hz, 1 H), 1.80 – 1.63 (m, 2 H), 1.41 – 
1.28 (m, 1 H), 1.24 (d, J = 9.7 Hz, 1 H), 0.87 – 0.80 (m, 1 H). 













Procedure for synthesis of 7: 
Cyclobutenone (5, 5 mL of 0.55 M solution in CDCl3, 1 equiv, 2.75 mmol) was cooled to 0 oC and 
protected from light.  Bromine (0.16 mL, 1.5 equiv, 4.1 mmol) was added over 5–10 min.  
Reaction progress was monitored by 1H NMR or TLC.  Upon completion by 30 min, the solution 
was concentrated under reduced pressure, giving 6 as a clear pale orange oil.   
Crude 6 was protected from light, dissolved in fresh CDCl3 (2.75 mL, as to form a 1.0 M solution), 
and cooled to 0 oC.  Solid Cs2CO3 (1.1 g, 1.2 equiv, 3.4 mmol) was added in portions.  The 
heterogeneous mixture was stirred vigorously, and moved to ambient temperature at 30 min.  
Reaction progress was monitored by direct 1H NMR or TLC.  Upon completion at 2 h, the solution 
was filtered through a small plug of celite and silica, to give a solution of pure 7.  The solution was 
measured to be 0.67 M by an internal 1H NMR  reference measurement. 
  
6 (2.4:1 mix of diastereomers): Rf = 0.57 (3:1 pentane/diethyl ether). 
Major 1H NMR (400 MHz, CDCl3) ! 5.14 (ddd, J = 5.2, 3.8, 2.8 Hz, 1 H), 4.42 (ddd, J = 8.7, 6.4, 
5.2 Hz, 1 H), 3.84 (ddd, J = 18.7, 8.7, 2.8 Hz, 1 H), 3.52 (ddd, J = 18.7, 6.5, 3.8 Hz, 1 H). 
Major 13C NMR (100 MHz, CDCl3) !196.0, 57.5, 56.7 (overlap), 35.3. 
Minor 1H NMR (400 MHz, CDCl3) ! 5.36 (ddd, J = 7.7, 4.0, 2.3 Hz, 1 H), 4.78 (td, J = 7.8, 4.2 Hz, 
1 H), 3.97 (ddd, J = 18.5, 8.0, 4.0 Hz, 1 H), 3.44 (ddd, J = 18.5, 4.2, 2.3 Hz, 1 H). 
Minor 13C NMR (100 MHz, CDCl3) !195.6, 56.7 (overlap), 56.0, 37.5. 
 
7: Rf " 0.4 (diffuse spot in 3:1 pentane/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 8.27 (t, J = 0.9 Hz, 1 H), 3.37 (d, J = 0.9 Hz, 2 H). 












Preparation of halogenated 3-ethoxy cyclobutenones: 
Compounds 17–19 were prepared either directly from or loosely based on literature procedure.1   
20 was formed by treating a room temperature solution of 19 (0.3 g, 1 equiv, 1.6 mmol) in CH2Cl2 
(8 mL, 0.2 M) with bromine (125 µL, 1.5 equiv, 2.4 mmol).  Solid NaHCO3 was added (400mg, 3 
equiv, 4.8 mmol), and this mix was vigorously stirred for 12 h.  Pure 20 was obtained as a clear 
orange liquid by filtration and direct concentration under reduced pressure.   
 
 









1H NMR (400 MHz, CDCl3) ! 5.23 (d, J = 1.3 Hz, 1 H), 5.17 (d, J = 1.3 Hz, 1 
H), 4.41 – 4.27 (m, 2 H), 1.49 (t, J = 7.1 Hz, 3 H). 
13C NMR (75 MHz, CDCl3) ! 180.3, 178.9, 109.4, 70.8, 54.6, 14.0. 
IR (thin film, salt plate) 1581, 1772, 1323, 1023, 760 cm-1. 




1H NMR (400 MHz, CDCl3) ! 5.31 (s, 1 H), 4.86 – 4.64 (m, 2 H), 1.55 (t, J = 7.1 
Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 177.8, 175.7, 87.1, 77.3, 53.4, 15.1. 
IR (thin film, salt plate) 2986, 1809, 1781, 1606, 1306, 1054 cm-1. 
APCI-LRMS (M+1)+ calculated for C6H7Br2O 268.87, found 268.93; (M+3)+ 




























General procedure for DIBAL reduction of 3-ethoxy cyclobutenones: 
Vinylogous esters 17–20 (1 equiv, generally on 1–2 g scale) were dissolved in anhydrous toluene 
(0.1 M), and cooled to -78 oC.  To this clear pale yellow solution was added DIBAL (1 equiv, 1.0 
M in toluene) over 15 min.  The reaction was monitored by TLC, and carefully quenched at 30 
min by dropwise addition of neutral water.   As the mixture warmed to ambient temperature, a 
saturated aqueous solution of potassium sodium tartrate (Rochelle’s salt) was added and stirred 
for 2 h or more.  When the mixture was sufficiently solubilized, it was extracted with diethyl ether 
three times.  Combined organic extracts were washed with water then brine, dried over MgSO4, 
filtered, and concentrated under reduced pressure.  Crude products could be quickly purified by 
flash column chromatography, or crystallized.  Partial characterization is provided for 21. 
 
 
1H NMR (300 MHz, CDCl3) ! 4.87 (s, 1 H), 4.70 (s, 1 H), 4.11 – 3.95 (m, 2 H), 
2.17 (s, 1 H), 1.40 (t, J = 7.1 Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 157.3, 100.9, 86.1, 77.3, 66.3, 14.0. 
 
 
1H NMR (400 MHz, CDCl3) ! 5.07 (dd, J = 3.3, 2.2 Hz, 1 H), 4.95 – 4.89 (m, 1 
H), 4.63 (d, J = 4.9 Hz, 1 H), 4.01 – 3.84 (m, 2 H), 2.05 (d, J = 8.8 Hz, 1 H), 
1.34 (t, J = 7.1 Hz, 2 H). 
13C NMR (100 MHz, CDCl3) !157.1, 104.7, 65.8, 65.5, 63.2, 14.1. 
IR (thin film, salt plate) 3433 (br), 2980, 2937, 1801, 1635, 1270, 1044 cm-1. 
APCI-LRMS (M)+ calculated for C6H9ClO2 148.59, found 148.95; (M+2)+ 






















1H NMR (400 MHz, CDCl3) ! 5.24 (dd, J = 3.2, 2.4 Hz, 1 H), 4.91 – 4.85 (m, 1 
H), 4.58 (d, J = 3.0 Hz, 1 H), 4.01 – 3.84 (m, 2 H), 1.33 (t, J = 7.1 Hz, 2 H). 
13C NMR (100 MHz, CDCl3) ! 156.9, 103.9, 65.6, 65.1, 56.5, 14.1. 
IR (thin film, salt plate) 3179 (br), 2985, 1630, 1313, 1075, 1032 cm-1. 
LRMS (M+H)+ calculated for C6H10BrO2 192.99, found 193.17 and 195.23 in 
1:1 intensity ratio. 
 
 
1H NMR (500 MHz, CDCl3) ! 5.26 (d, J = 3.5 Hz, 1 H), 4.59 (s, 1 H), 4.46 – 
4.30 (m, 2 H), 2.25 (s, 1 H), 1.40 (t, J = 7.1 Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 153.0, 86.8, 69.6, 66.5, 55.0, 15.1. 
IR (thin film, salt plate) 3407 (br), 2923, 1663, 1289, 1031 cm-1. 
APCI-LRMS (M)+ calculated for C6H8Br2O2 269.89, found 270.71; (M+2)+ found 

























Unoptimized procedure for in situ unraveling of alcohols 21–24 to cyclobutenones 25–28: 
1.0 M CDCl3 solutions of alcohols 21–24 were prepared and cooled to 0 oC.  Either BF3•OEt2 or 
Bi(OTf)3 (5 mol%) was added, and the reaction was allowed to warm to ambient temperature over 
about 30 min.  Reactions were monitored by 1H NMR.  Upon completion (variable time, 1–24 h), 
the reaction was filtered through a small silica plug and used without further treatment.  Partial 
preliminary characterization is provided. 
 
 
1H NMR (400 MHz, CDCl3) ! 8.37 (s, 1 H), 5.52 (s, 1 H). 
 
 
1H NMR (500 MHz, CDCl3) ! 8.25 (d, J = 2.5 Hz, 1 H), 6.46 (d, J = 2.4 Hz, 1 
H), 5.40 (s, 1 H). 
 
 
1H NMR (300 MHz, CDCl3) ! 7.85 (d, J = 4.6 Hz, 1 H), 5.84 (d, J = 4.6 Hz, 1 
H), 3.87 (s, 2 H). 
 
 
1H NMR (300 MHz, CDCl3) ! 8.37 (d, J = 0.8 Hz, 1 H), 5.52 (d, J = 0.8 Hz, 1 H) 























Procedures for Diels-Alder cycloaddition of dienophiles 5 and 7: 
Cycloadducts 30abc and 31abc were prepared as described in Table 1. 
 
 
30a: Rf = 0.39 (9:1 pentane/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 5.64 (d, J = 9.6 Hz, 1 H), 5.57 (d, J = 9.6 Hz, 1 H), 3.38 (tt, J = 8.0, 
3.8 Hz, 1 H), 2.82 (ddd, J = 18.0, 8.6, 4.3 Hz, 1 H), 2.68 – 2.56 (m, 1 H), 2.47 (dd, J = 5.6, 3.5 Hz, 
1 H), 2.45 – 2.37 (m, 1 H), 2.30 (td, J = 7.1, 3.3 Hz, 1 H), 1.21 (d, J = 7.3 Hz, 3 H), 1.07 (d, J = 
7.1 Hz, 3 H). 
13C NMR (100 MHz, CDCl3) ! 212.3, 134.2, 132.4, 64.0, 47.2, 29.9, 29.8, 29.0, 17.8, 17.7. 
IR (thin film, salt plate) 3032, 2968, 2919, 1772 cm-1. 
 
 
30b: Characterization agrees with prior work in our group.3 
 
 






30  X = H
31  X = Br
5  X = H


















30d: Rf = 0.22 (4:1 pentane/diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 7.53 (d, J = 8.7 Hz, 1 H), 6.74 (dd, J = 8.7, 2.7 Hz, 1 H), 6.63 (d, J = 
2.4 Hz, 1 H), 6.32 (dt, J = 6.6, 2.9 Hz, 1 H), 3.80 (s, 3 H), 3.54 (tt, J = 7.5, 3.5 Hz, 1 H), 2.96 (ddd, 
J = 18.2, 8.9, 4.4 Hz, 1 H), 2.86 (ddd, J = 14.3, 9.0, 5.4 Hz, 1 H), 2.84 – 2.71 (m, 2 H), 2.72 – 2.64 
(m, 1 H), 2.61 (ddd, J = 16.5, 7.4, 1.4 Hz, 1 H), 2.52 (ddd, J = 18.1, 5.8, 3.5 Hz, 1 H), 2.25 (ddt, J 
= 16.6, 7.1, 2.9 Hz, 1 H), 1.94 (dq, J = 12.3, 3.8 Hz, 1 H), 1.43 (qd, J = 12.6, 4.2 Hz, 1 H). 
13C NMR (125 MHz, CDCl3) ! 213.9, 158.6, 139.0, 135.4, 127.4, 124.6, 117.9, 113.1, 112.7, 58.4, 
55.2, 48.2, 36.4, 30.2, 28.4, 26.7, 23.9. 
HSQC, COSY, and 2D NOE confirm endo addition and meta regiochemistry. 
IR (thin film, salt plate) 3026, 2919, 2833, 1776, 1605, 1496, 1236, 1042 cm-1. 

















31a: Rf = 0.39 (9:1 pentane/diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 5.70 (dt, J = 9.5, 2.1 Hz, 1 H), 5.64 (dt, J = 9.5, 2.6 Hz, 1 H), 2.99 
(dd, J = 17.6, 9.6 Hz, 1 H), 2.95 – 2.88 (m, 1 H), 2.76 – 2.66 (m, 1 H), 2.65 – 2.55 (m, 1 H), 2.49 
(dd, J = 17.6, 6.5 Hz, 1 H), 1.28 (d, J = 7.2 Hz, 3 H), 1.08 (d, J = 7.2 Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 202.3, 133.7, 131.6, 74.1, 45.0, 43.1, 38.2, 30.4, 17.4, 16.4. 
IR  (thin film, salt plate) 2958, 2925, 1723 (s), 1273 (s), 1125, 1074, 742, 699, 636, 612 cm-1. 




31b: Rf = 0.78 (9:1 pentane/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 3.35 (dd, J = 18.2, 9.9 Hz, 1 H), 3.01 (dtd, J = 10.9, 5.5, 2.0 Hz, 1 
H), 2.62 (d, J = 15.3 Hz, 1 H), 2.54 (s, 2 H), 2.48 (dd, J = 18.3, 5.6 Hz, 1 H), 2.09 (ap d, J = 15.5 
Hz, 1 H), 1.73 (s, 3 H), 1.66 (s, 3 H). 
13C NMR (100 MHz, CDCl3) ! 204.7, 126.8, 126.2, 68.4, 48.7, 39.1, 36.3, 34.1, 20.4, 19.3. 
IR (thin film, salt plate) 2993, 2919, 1787, 670 cm-1. 















31c:  Rf = 0.54 (9:1 pentane/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 5.55 – 5.48 (m, 1 H), 3.36 (dd, J = 18.3, 9.9 Hz, 1 H), 3.14 – 3.03 
(m, 1 H), 2.71 (dd, J = 15.7, 6.9 Hz, 1 H), 2.66 – 2.55 (m, 1 H), 2.55 – 2.43 (m, 2 H), 2.11 (dd, J = 
16.0, 1.9 Hz, 1 H), 1.78 (ap s, 3 H). 
13C NMR (125 MHz, CDCl3) ! 204.5, 135.9, 119.6, 67.8, 48.9, 36.2, 32.9, 32.3, 24.5. 
IR 2958, 2928, 1722 (s), 1272 (s), 747 (s), 703, 636, 613 cm-1. 




iso-31c: Rf = 0.64 (3:1 pentane/diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 7.14 (d, J = 8.5 Hz, 1 H), 6.75 (dd, J = 8.4, 2.7 Hz, 1 H), 6.71 (d, J = 
2.6 Hz, 1 H), 3.81 (s, 3 H), 3.55 (dd, J = 17.1, 9.8 Hz, 1 H), 3.23 – 3.15 (m, 1 H), 2.95 (dd, J = 
17.1, 6.6 Hz, 1 H), 2.79 (qt, J = 15.5, 7.8 Hz, 2 H), 2.65 – 2.46 (m, 2 H), 2.34 – 2.15 (m, 4 H). 
13C NMR (125 MHz, CDCl3) ! 201.2, 158.5, 136.7, 129.7, 128.2, 128.0, 123.3, 113.7, 111.1, 68.0, 
55.2, 50.3, 40.5, 30.1, 28.4, 26.9, 22.0. 
HSQC confirms meta regiochemistry. 
IR (thin film, salt plate) 3001, 2932, 2834, 1789, 1608, 1500, 1251, 1040, 818 cm-1. 












General procedure for treating halogenated cycloadducts 31 with base: 
Cycloadduct 31 (1 equiv) was dissolved in acetonitrile (2 mL) at ambient temperature.  Aqueous 
NaOH (1.0 mL of 1.0 M solution) was added dropwise.  The same volumes were used for scales 
of 31 ranging from 10–100 mg.  The clear, colorless solution quickly developed an intense yellow 
color upon addition of base, which became red over several minutes.  After 30 min, the mixture 
was quenched with addition of aqueous HCl (1.0 M), which decolorized the solution.  Most 
reactions were already finished within 5 min.  Products were extracted out with ether.  Combined 
organic layers were washed with water and brine, dried over MgSO4, filtered, and concentrated 




36b:  Rf = 0.57 (1:1 pentane/diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 2.74 (d, J = 17.6 Hz, 1 H), 2.43 (d, J = 17.3 Hz, 1 H), 2.23 (dd, J = 
35.5, 17.4 Hz, 2 H), 1.78 (dd, J = 9.9, 5.1 Hz, 1 H), 1.59 (s, 3 H), 1.57 (s, 3 H), 1.31 – 1.25 (m, 1 
H), 0.88 – 0.82 (m, 1 H). 
13C NMR (125 MHz, CDCl3) ! 182.6, 121.8, 120.5, 30.7, 30.5, 22.8, 22.6, 19.2, 19.1, 17.6. 
IR (thin film, salt plate) 3000, 2917, 1684, 1438, 1303, 1226 cm-1. 























36c: Rf = 0.59 (1:1 pentane/diethyl ether). 
1H NMR (400 MHz, CDCl3) ! 5.22 (s, 1 H), 2.83 – 2.73 (m, 1 H), 2.44 – 2.34 (m, 2 H), 2.19 (d, J = 
18.5 Hz, 1 H), 1.91 – 1.71 (m, 2 H overlapping), 1.62 (s, 3 H), 1.31 (dd, J = 9.2, 3.5 Hz, 1 H), 0.91 
(dd, J = 6.6, 3.6 Hz, 1 H). 
13C NMR (100 MHz, CDCl3) ! 182.4, 128.8, 117.2, 28.7, 24.4, 23.6, 22.6, 21.7, 17.5. 
IR (thin film, salt plate) 3422 (br), 3024, 2961, 1771 cm-1. 
EI-HRMS (M+) calculated for C9H12O2 152.0837, found 152.0830. 
 
 
36d: Rf = 0.54 (1:1 pentane/diethyl ether). 
1H NMR (500 MHz, CDCl3) ! 7.04 (d, J = 8.3 Hz, 1 H), 6.74 – 6.67 (m, 2 x 1 H overlapping), 3.79 
(s, 3 H), 2.80 (td, J = 14.3, 6.9 Hz, 1 H), 2.70 (dt, J = 15.2, 5.7 Hz, 1 H), 2.60 – 2.51 (m, 1 H), 2.51 
– 2.39 (m, 1 H), 2.37 – 2.25 (m, 2 H), 2.16 – 2.01 (m, 2 H), 1.95 (dd, J = 9.0, 5.6 Hz, 1 H), 1.64 
(dd, J = 9.0, 4.1 Hz, 1 H), 1.30 – 1.24 (m, 1 H). 
13C NMR (125 MHz, CDCl3) ! 181.4, 157.9, 136.8, 131.0, 128.8, 124.6, 122.8, 113.6, 110.9, 55.3, 
29.3, 28.7, 26.9, 26.1, 21.0, 20.3, 19.5. 
IR (thin film, salt plate) 2929 (br, acid OH), 1682, 1498, 1429, 1250 cm-1. 












37: Rf = 0.24 (1:1 pentane/diethyl ether).   
1H NMR (500 MHz, CDCl3) ! 5.59 (s, 2 H), 2.72 (dd, J = 12.4, 8.4 Hz, 1 H), 2.69 – 2.60 (m, 1 H), 
2.47 – 2.35 (m, 2 H), 2.35 – 2.28 (m, 1 H), 1.14 (d, J = 7.4 Hz, 3 H), 1.08 (d, J = 7.1 Hz, 3 H). 
13C NMR (125 MHz, CDCl3) ! 209.6, 132.3, 131.2, 94.3, 42.8, 40.8, 36.6, 30.6, 18.2, 15.7. 
IR (thin film, salt plate) 3422 (br, free OH), 3024, 2961, 1771, 1456, 1376, 1135, 1067 cm-1 
FAB-HRMS (M-H)+ calculated for C10H13O2 165.0916, found 165.0908.  
 
 
38:  Bromide 31a (30 mg, 1 equiv, 0.13 mmol) was dissolved in methanol (1.3 mL, 0.1 M) at 
ambient temperature.  NaOMe (0.2 mL of 1.0 M solution in methanol, 1.4 equiv as arbitrary minor 
excess) was added dropwise to the open reaction flask over 1 min.  The solution immediately 
developed a bright yellow color, becoming a deeper brown shade during addition.  TLC confirmed 
completion of reaction at 5 min.  The reaction was quenched with addition of aqueous HCl (1 M), 
which decolorized the solution.  Products were extracted out with ether.  Combined organic layers 
were washed with water and brine, dried over MgSO4, filtered, and concentrated under reduced 
pressure.  38 was purified by flash column chromatography (pentane to 10% diethyl ether). 
 
Rf = 0.50 (9:1 pentane/diethyl ether) 
1H NMR (500 MHz, CDCl3) ! 5.56 (s, 2 H), 3.35 (s, 3 H), 2.74 (td, J = 8.5, 4.4 Hz, 1 H), 2.62 (dd, 
J = 17.7, 9.6 Hz, 1 H), 2.58 – 2.50 (m, 1 H), 2.37 (q, J = 7.7 Hz, 1 H), 2.23 (dd, J = 17.8, 8.1 Hz, 1 
H), 1.13 (d, J = 7.5 Hz, 3 H), 1.10 (d, J = 6.9 Hz, 3 H). 












Relative stereochemistry confirmed by HSQC and 2D NOE spectroscopy. 
IR (thin film, salt plate) 3020, 2964, 2927, 2874, 1773, 1457, 1377, 1078 cm-1 
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Chapter 4.  Unified Strategy in Total Synthesis 
This mini-chapter serves as a brief overview of total synthesis projects on resveratrol-
based natural products and analogs, and on dalesconol A and B.  These works are unified by a 
common synthetic strategy. 
 
4.1 Resveratrol-based natural products!"#$ 
Resveratrol (1, Figure 1) has been a somewhat controversial subject in academia, and 
perhaps more so in the public domain, after promising biological effects of the phenol were seen 
in animal studies.3-5  As resveratrol is found in red wine, some believe it to explain the “French 
paradox” of the country’s wine-loving residents enjoying relative cardiovascular health despite a 
fatty diet.  Although beneficial effects have yet to be substantiated in people,6 some enterprising 
companies and researchers have capitalized on this attention for financial gain.  For example, 
advertising for dietary supplements of 1 range from touting potential health benefits to dubious 
claims of curing cancer, stopping aging, and managing weight loss.7 
There is a diverse family of natural products that can be seen as oligomers of 1.  On the 
basis of the biological activity of 1 and related natural products, a research program was founded 
to gain synthetic access to them.  Earlier work in the group led to the development of structures 
like 2 as key intermediates from which to branch off to the architectures seen in the family.8 
 














  More carbon cores and oxygenation patterns were tackled next, again going through 
variants of key intermediate 2.  Among the group’s work reported together, my targets were the 
five polyphenols shown in Figure 2.  The chemistry is as discussed in publications.1,2  Sarpong 
and Jeffrey later disclosed a different strategy to structures like 3.9,10 
 









4 quadrangularin A 
































4.2 Dalesconol A and B!!"!# 
Dalesconol A and B (9 and 10, respectively, Figure 3) are a pair of polyketides isolated 
from symbiotic fungi of mangroves and a praying mantis species.13-15  They registered strong 
immunosuppressive activity as hoped.  Yet curiously, the racemic forms were comparable to or 
more potent suppressors than pure enantiomers.13  The isolationists suggest that supramolecular 
interaction between enantiomers may enhance their bulk biological activity. 
In addition to compelling properties and a chance to explore the mentioned racemate 
concept, further motivation came from examination of the core structure’s biosynthesis.  This 
allowed an abiotic connection to the long-running resveratrol program.  Specifically, a plan toward 
9 and 10 was intentionally based on resveratrol key intermediate 2, with bioprecursor-like 8 
serving as the analogous dalesconol key intermediate.  The remaining rings would be closed by 
acid cyclization and phenolic oxidative coupling.  A coworker, Mr. Trevor Sherwood, eventually 
joined the project and finished this route.  Fan and coworkers published a cross-coupling route to 
a simplified core the following year.16 
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